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ABSTRACT

Theoretical and Experimental Investigation of Multiple

Quantum Wells for Photovoltaic Applications
by
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Hybrid Nanodevice Research Group, Department of Electrical

Engineering
Indian Institute of Technology Indore
Supervisor: Dr. Shaibal Mukherjee

There are certain losses associated with the single junction solar cell such
as, thermalization loss, transmission loss, recombination loss and
blackbody radiation loss, most of which can be minimized by using
multiple energy bands technologies, i.e. multiple quantum well solar cell
(MQWSC). Alternatively, this MQWSC technology can be integrated with
the multiple junction solar cell (MJSC) to absorb the different part of the
solar spectrum more efficiently. As, in MJSC minimum of the current from
all the sub-cells will be delivered. Therefore, by inserting multiple quantum
well in the sub-cells which is generating low current, this issue in MJSCs
can be resolved up to some extent. In MQWSC, transport mechanism of
charge carrier is mainly thermally activated, thus these are estimated to
show a better conversion efficiency at high temperature than the
conventional cells and therefore, makes them more feasible for
concentrated solar cell applications.

Before the actual experimental fabrication of the MQWSC, it is vital to
accomplish theoritcal study of the performance parameters of the MQWSC
under different conditions. Therefore, an analytical and simulation study
has to be commenced to evaluate the performance parameters that will be
expected from MQWSC under various conditions. First, analytical model
is developed for the p-i-n structure, as MQWSC is just the extension of p-

i-n structure in which MQWs are inserted in the intrinsic region. Then, an

xXxii



analytical model is developed for the MQWSC. In the developed models,
significantly the spectral irradiance available from American Society for
Testing and Materials (ASTM) standards data sheets is used for realising
photon flux density instead of commonly used Planck’s blackbody
radiation law. Further, the photon flux density is utilized to evaluate the
performance parameters of MQWSC and bulk p-i-n solar cell.

The developed model of MQWSC is further compared with the published
experimental data obtained by other reasearchers on the same technology.
In comparision, the material and structural properties of the published
experimental researches are utilized to obtain the results from analytical
model. The close aggrement of the analytically obtained results with that
of the published experimental results by other researches validate the
analytical model.

Next, based on the developed models, the analysis has been performed for
different composition of indium in InxGa;.«N well layers on performance
parameters of InGaN/GaN-based MQWSC since InGaN is a well-
established material for the high bandgap device technology. As the
temperature of operation also has a substantial influence on solar cell
performance, an extensive discussion on the temperature dependence of the
performance parameters of the p-i-n and MQW solar cell is performed. The
analysis has also been performed to study the impact of number of quantum
well variation on device performance parameters. Results suggest that by
incorporating quantum wells in the intrinsic region (x = 0.1 in InxGaixN),
~27 % increment in the conversion efficiency can be achieved as compared
to that from the bulk solar cell. Moreover, the rise in temperature leads to
the increase in short circuit current density; however, open circuit voltage
and conversion efficiency decreases. A decrement of ~9.7 % in the
conversion efficiency of MQWSC is observed with the rise in temperature
from 200 to 400 K as compared to ~11.6 % decline in p-i-n solar cell.
Additionally, the CdZnO/ZnO-based MQWSC has been proposed and its
performance is studied under various conditions such as cadmium
composition variation and operation temperature variation. The results
show that, for the proposed CdZnO/ZnO-based MQWSC, the open-circuit

voltage (Voc) has a negative temperature coefficient (-2.63 mV/°C), and
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short-circuit current density (Jsc) and conversion efficiency (1) have
positive temperature coefficients of 2.43x10 mA/cm?.°C and 2.91x107
%/°C, respectively.

Furthermore, the influence of solar irradiance on the performance
parameters and J-V characteristics of MQWSC is examined by modifying
the developed model i.e. by including the effect of solar irradiance in the
previously developed model. For CdZnO/ZnO-based MQWSC, the short-
circuit current density increases from 0.12 to 57.98 mA/cm?, open circuit
voltage rises from 2.60 to 2.77 V and photon conversion efficiency from
2.85 to 3.04 %, as solar irradiance increases from 0.1 to 50 suns.

Next, optimization of CdZnO/ZnO-based Multiple quantum wells (MQW5s)
realized for the first time by dual ion beam sputtering (DIBS) at different
deposition conditions in terms of ion beam power, substrate temperature,
and time cessation between deposition of successive layers is performed.
The effects of DIBS deposition conditions are analyzed by spectroscopy
ellipsometry (SE), secondary ion mass spectroscopy (SIMS) and high-
resolution transmission electron microscopy (HRTEM) and discussed
systematically. The SIMS and HRTEM analysis have been used for depth
profiling at high resolution of CdZnO/ZnO-based MQWs structure. The
deposition of CdZnO/ZnO-based MQW structure performed at 100 °C,
with time cessation of 30 min between successive layer growth and ion
beam power of 14 W has displayed the best results in terms of distinct well

and barrier layers formation.
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Chapter 1

Introduction and Fundamental Concepts

1.1. Energy

On earth there are two major types of energy: renewable and non-
renewable. The utilization of the non-renewable energy resources such
as coal, petroleum, diesel etc. leads to their depletion and also these
energy sources contributes to pollution (greenhouse gases and other by-
products) of the environment. The higher growth rate of the population,
urbanization and industrialization have resulted in the increase in
demand of energy supply. Therefore, there is a drastic increase in the
consumption of the non-renewable energy resources, resulting in there
depletion on earth at a much faster rate. Therefore, innovative approach
to utilize renewable energy resources such as solar energy, hydropower
energy, wind energy etc. to their fullest must be explored to meet the
demand supply of energy, as they are environment friendly non-

polluting unlimited source of energy [1].

Solar energy is certainly the most prominent renewable energy, owing
to its versatility, inexhaustible and environmental friendly features and
it has potential to complete world’s energy demand supply chain. 1 hour
of solar energy is sufficient to complete human annual energy
requirement and also it is the energy source for almost all the processes
happening on the surface of our planet. Solar energy technologies such
as photovoltaic (PV) deals with, or is a section of research focusing on
the direct conversion of solar energy into electrical energy [2].

The major challenges in the path of solar cell becoming a primary source
of energy are its high costs and low conversion efficiency. In the last
decade or so, major research is done with the motive of improving the
conversion efficiency of solar cells by investigating new technologies
such as multi-junction solar cells and multiple quantum well solar cell
to utilize full solar spectrum more efficiently, and also by using new

materials for manufacturing solar cells [3].
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1.2. Fundamentals of Solar Cell

1.2.1 Solar Spectrum:

Sun emits electromagnetic radiation particular in ultraviolet, visible and
infrared region. The sunlight is composed of energetic particles called
photons. Every photon has its own energy that depends on the
wavelength of the incoming light and is expressed by the Planck-

Einstein relation [3]:
E =hc/A (1.2)

where h - Planck constant, c - speed of light, and /4 - light wavelength.
Figure 1.1 shows the solar spectral irradiance in terms of the wavelength
of photons for terrestrial and space application. The dashed lines
indicated the boundaries of the ultraviolet, visible and infrared part of
the spectrum. The ultraviolet region covers only 5 % of the spectrum,

while visible and infrared region covers 46 %and 49 % of the spectrum

respectively [4].
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Figure 1.1  Solar Spectrum for terrestrial (AM1.5) and space
application (AMO).

A large fraction of the solar spectrum is absorbed by the specific
molecules in earth’s atmosphere such as water, carbon dioxide, oxygen
and ozone [3]. Therefore, there is difference in the solar spectrum

available outside of Earth’s atmosphere and at the sea level of Earth.



1.2.2 Air Mass (AM):

The important parameter that governs the change of the solar spectral
irradiance (spectral power density) with the distance it covers through
the atmosphere is air mass. The distance covered by the spectral
irradiance is shortest only when the sun is directly overhead i.e. at the

zenith position.

The ratio of an actual path length (I) travel by the solar spectral
irradiance through the atmosphere to the shortest distance (lo) is known
as the optical air mass or commonly air mass. The air mass
corresponding to the sun having an angle theta (6) with the zenith is

given by [5, 6]
AM = 1/cos@ =1/l 1.2)

The figure 1.2 shows the sun at its zenith position. As it illuminates
earth, light travels through the four main layers of earth’s atmosphere.
Excluding the exosphere, these layers are the troposphere, stratosphere,
mesosphere and thermosphere.

With the sun at its zenith position the air mass becomes unity, and the
corresponding spectrum is represented by AM1. AMO represents the
solar spectral irradiance available outside the Earth’s atmosphere and is
utilized for space application having the integrated power of 1361 W/m?,
For the evaluation of solar cells performance fabricated all over the
world, the AML1.5 is preferred as a standard for terrestrial application
that corresponds to an angle of 48.2° between the sun actual position and
zenith position. Moreover, if the sun is at 60° to zenith position, the
spectrum received is AM2 [3].

The solar spectral irradiance that reaches the Earth can be considered in
two modules: direct (the spectral irradiance that reaches directly to the
Earth) and diffuse (the spectral irradiance that is scattered by Earth’s
atmosphere). There is a distinct representation of these spectrums:
AM1.5G signifying a global radiation (consider all the components of
sunlight) and AM1.5D (consider only direct radiation). Generally,



AML.5G is used as a standard spectrum having solar irradiance of 1000
W/m? [3].

Figure 1.2  Air Mass at various sun position with respect to its zenith
position.
1.2.3 Working Principle:

The working of solar cell is based on the photovoltaic effect i.e. by
directly converting sunlight into electricity. The solar energy conversion

flow is basically consists of three process [3] as depicted in Figure 1.3:

Generation of Separation of

Charge Carrier Charge Carrier

Figure 1.3  Process flow of solar energy conversion.

1.2.3.1 Generation of Charge Carrier: The first process is the
generation of charge carriers by the absorption of photons in the
materials that form the p-n junction. The photons having energy greater
than or equal to the energy bandgap of the material, leads to the
generation of charge carriers, on the other hand, lesser energy photons
passes through the material without being absorbed and will not



contribute to the charge carrier generation. As a result of this carrier
generation process, electron hole pair is generated. In this generated
pair, electron moves to the higher energy state (conduction band)
leaving behind the hole in the lower energy state (valence band) shown
in Figure 1.4 (a).
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Figure 1.4  (a) Energy band diagram showing generation of charge
carrier by the absorption of photons (b) Simple solar cell model showing
separation of charge carrier via semipermeable membrane and followed
by collection of charge carrier and then flow of electron through

external circuit.

1.2.3.2 Separation of Charge Carrier: After carrier lifetime,
recombination of charge carrier may occur, therefore the generated
charge carrier must be separated before the recombination to generate
electricity. In order to separate them, the semipermeable membranes
must be present on the both side of the absorber layer, so that electron

can flow through one and hole through the other as is shown in the



Figure 1.4 (b). These membranes are basically formed by the p- and n-

type materials.

1.2.3.3 Collection of Charge Carrier: In the final process, the
separated charge carriers are collected at the contacts, so that electrons
can flow through the external circuit to generate electricity and after
passing through the circuit, they recombine with the holes at the other

contact as is shown in the Figure 1.4 (b).
1.2.4 Performance Parameters:

The solar cell device functions in the fourth quadrant, indicating
negative current density but positive voltage, therefore producing the
negative power i.e. the device produces power by utilizing the incident
solar irradiance on the device. The illuminated current density of the p-

n junction solar cell under the applied voltage is given by

] =] [exp (%) — 1] + Jse (1.3)

where V¢ is thermal voltage, Js is reverse saturation current density and

V is terminal or bias voltage.

The performance parameters of solar cell that are used to characterize it
are short circuit current density (Jsc), open circuit voltage (Voc), fill factor
(FF) and maximum peak power density (Pm). These parameters are
obtained from the illuminated current density vs voltage (J-V) curve as

shown in Figure 1.5.

1.2.4.1 Short Circuit Current Density, Jsc: The current per unit area
that flows through the external circuit because of the generated electron-
hole pairs due to incident photons, when the device is short-circuited is
called short-circuit current density. Js is directly proportional to the
incident photon flux density. This is the maximum current density
delivered by the solar cell. Under uniform generation rate (G), the short
circuit density of the p-n junction solar cell is given by

Jse =qG(Ly + L, + W) (1.4)

where Lp and Ln are the minority-carriers diffusion length of holes and

electrons, respectively, and W is depletion region width. The above



mentioned equation suggests that the charge carriers generated in the
depletion region of the p-n junction and also in the areas extended till
minority-carrier diffusion length from the edges of depletion region in
both p and n semiconductor can contribute to the short circuit current

density.
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Figure 1.5  J-V and P-V characteristics of the p-n junction solar cell

in the dark and under illumination.

1.2.4.2 Open Circuit Voltage, Voc: The voltage developed at the
terminals of the solar cell when they are open and the net flow of current
through the external circuit is zero is called Open circuit voltage. This is
the maximum voltage that can be produced by a solar cell and it
corresponds to the forward bias voltage, at which short circuit current
density is compensated by dark current density. Vo is calculated using

the following equation:

s ;S]sc)

1.2.4.3 Maximum power density, Pm: This is the maximum power

v, = thn( (1.5)

density that can be generated by the solar cell and is marked as Pm on
the P-V curve in figure 5. The current density and voltage corresponding

to the maximum power density defines the maximum power point. This



voltage and current density should be the operating point for the solar

cell to deliver maximum power.
1.2.4.4 Fill Factor, FF: It is the ratio of maximum power density
produced by the solar cell to the product of Jsc and Voc.

P
I/OC]SC

1.2.4.5 Conversion efficiency, #: It is the ratio of maximum power

FF = (1.6)

density generated to the incident power density of the solar spectrum.
=— 1.7
n=p 1.7
1.2.5 Conversion Efficiency Limit:

The maximum theoretically achievable conversion efficiency limit from
single p-n junction solar cell was calculated by Shockley and Queisser
and is found to be 33.7% for bandgap of 1.34 eV [7]. But the mass
production of silicon with indirect bandgap of 1.1 eV limits the
theoretically conversion efficiency to 29.43% under 1 sun AM1.5G
illumination [8]. The major losses that are considered in the Shockley
and Queisser limit are thermalization loss of photons above the energy
bandgap of the semiconductor and non-absorbed photon loss below
energy bandgap of the semiconductor. The calculations are performed

using the detailed balance principle by considering several assumptions:

0,

X2 Single semiconductor material and one p-n junction per solar cell

*

X Single photon creates single electron-hole pair

RS

X2 All photons with the energy more than the energy bandgap of
the used semiconducting material, are absorbed and while, the energy of
the photon left after the e-h pair generation process is converted to heat

X A non-concentration sunlight source is considered

X Only radiative recombination of the charge carriers inside the p-

n junction is assumed

The detailed Shockley and Queisser limit for AMO, AML1.5 and
blackbody spectrum at 6000K are shown in Figure 1.6.
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Figure 1.6  The Shockley-Queisser efficiency limit for the blackbody
spectrum at 6,000 K, and the AMO and AM1.5 solar spectra [3].

1.2.6 Generations of Solar Cell:

Solar cells are broadly classified into three generations based on the
technology and material. The research is being carried out in all the three
generations to further improve the conversion efficiencies of the solar

cell of respective generations.

1.2.6.1 First generation solar cell: This generation includes the single
junction solar cell made from amorphous, mono- and poly-crystalline
silicon used as semiconducting material. As the silicon has low
absorption coefficient and indirect energy bandgap, relatively thick
absorber layer (> 100 pm) is required, which leads to the increased cost
and non-flexible devices. Although it covers large part of the solar
spectrum, the part of high energy photons of the spectrum is wasted as
heat. High quality, large area and single p-n junction devices are the key

features of the first generation solar cells.

Mono-crystalline Poly-crystalline

* Cut out of blocks (ingots)
* Technology mature, long
lifetimes

Wafer based PV

Figure 1.7 First generation solar cell.

9



1.2.6.2 Second generation solar cell: The first generation solar cells
have a foremost issues of production costs which is most important
attention in development of second generation thin-film solar cell
technology. The material costs can be reduced by introducing absorber
layer of thickness less than 5 um and eradicating the silicon wafer in the
thin-film technology. Reduction in the absorber layer thickness is
possible by utilizing the direct energy bandgap and high absorption
coefficient semiconducting materials. Another main focus of thin film
technology is to bridge the gap of energy conversion efficiency with the
first generation solar cells. The commonly used materials in the thin film
technology are cadmium telluride, amorphous silicon, and copper
indium gallium selenide. Although, these technologies comprises very
low percentage of commercial production. But, the future of thin-film
technology appears to be encouraging with the development of new

materials over the coming decades.

CIGSe CZTSSe

g R
g "t
E ‘{$ .*‘ L Cu
= Deposition of thin films, o ,{.& ® Zn
= choice of substrate /“‘. (: ® Sn
= High cost reduction e ' g 2 S, Se

potential Y %(..

Low energy payback time ==

Figure 1.8  Second generation solar cell.

1.2.6.3 Third generation solar cell: This generation refers to the novel
technologies, aiming to overcome Shockley and Queisser limit. The
third generation solar cells concepts includes intermediate band solar
cell, quantum well solar cell, tandem/multi junction solar cell, hot-
carrier cells, spectral up and down conversion technologies,
concentrator photovoltaic and solar thermal technologies like thermo-
photonics. Many researchers are focussing in the development of
efficient solar cells combining the second and third generation
technologies of solar cell and a very advance breakthrough is expected

in the near future.
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Figure 1.9 Third generation solar cell.
1.3. Motivation

There are certain losses associated with the single junction solar cell,
most of which can be overcome or minimized by using multiple energy
bands technologies, i.e. multiple quantum well solar cell (MQWSC)
which is studied extensively in the past few decades [9-18]. These losses
are described with the help of energy band diagram shown in Figure 1.10

and are explained as follows:
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Figure 1.10 Losses associated single p-n junction solar cell depicted

with the help of energy band diagram.

X Thermalization loss: In this case the energy of incident photon is
larger than the bandgap of the material, so the extra energy apart from
the energy bandgap of the absorber material is lost in terms of heat,

shown in Figure 1.10 by process (a).

X Transmission loss: Certain photons have their energy less than
the energy bandgap of the absorber material, such photons are incapable

of providing any power in the generation process and they simply pass
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through the absorber material without getting absorbed, shown in Figure
1.10 by process (b).

X Recombination loss: In this case electron hole pair are generated
but before being collected for the generation of electricity they get
recombine providing zero contribution in conversion efficiency, shown

in Figure 1.10 by process (c).

X Blackbody radiation loss: This loss occurs in every material

object if the temperature of operation is above 0 K.

The efficiency of any single-junction solar cell is inherently limited by
these losses. If these fundamental losses could be overcome, the PV
technology could be developed to achieve higher conversion efficiency
exceeding the Shockley-Queisser limit [3, 19].

1.8

Solar Spectrum

Spectral Power Density (W/m*/nm)
=
(=]

0.4
02 E
00 :l I
0 5o 1000 1500 2000 2500 3000
Wavelengtl] (nm)
n-type
Top Sub cell
p-type
Turnel Junction
n-type
Middle Sub cell

Tuinel Junction

Figure 1.11 Different region of the solar spectrum is absorbed in
different sub cells of the MJSC.
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Alternatively, this multiple quantum well solar cell technology can be
integrated with the multi junction solar cell, so that the whole solar
spectrum can be utilized efficiently [20-23]. The top cell in the multiple
junction solar cell (MJSC) structure absorbs lower wavelength photons
corresponding to the high energy bandgap of the material and allow the
higher wavelength photons to pass through it. The higher wavelength
photons are absorbed in the middle or bottom cells depending on the
energy bandgap values of the corresponding material. The bottom cell
has the lowest energy bandgap, therefore absorb long wavelength
photons, which are transmitted from the above sub cells. This whole
process is explained with the help of Figure 1.11, in which different
region of the solar spectrum is absorbed by 3 junction solar cell.

In MJSC, different part of the spectrum is absorbed by the different sub-
cells, but as the spectrum is not constant throughout the wavelength
range so the different amount of current is produced by the different sub-
cell. However, to have maximum benefits the current must be the
approximately same in all the sub-cells of MJSCs, otherwise minimum
of the current from all the sub-cells will be delivered. And this issue in
MJSCs can be resolved up to some extent by inserting multiple quantum

well in the sub-cells which is generating low current [20, 21].

In conventional or bulk solar cells and also if the solar cells are used
under concentrated sunlight, the prime concern is the performance
degradation with the increase in device temperature. Since in MQWSC,
transport mechanism of charge carrier from quantum wells is mainly
thermally activated, thus MQWSC are estimated to show a better
performance at high temperature than the conventional solar cells. This
advantage of better performance at high temperature, makes them more

feasible for concentrated solar cell applications [24, 25].

These are reason, behind the rigorous research on MQWSC both

theoretically and experimentally in the past few decade [9-14].
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1.4. Problem Formulation and Execution Plan

The objective of this work is to analyse the multiple quantum well for
photovoltaic application both theoretically and experimentally. Before
the actual experimental fabrication of the MQWSC, it is vital to
accomplish an analytical and simulation study of the performance
parameters of the MQWSC under different conditions. Therefore, an
analytical and simulation study has to be commenced to evaluate the
performance parameters that will be expected from MQWSC under
various conditions. As, fabrication of MQW involves multiple layers
deposition of few nanometres thickness, therefore its optimization is
crucial and is performed by varying various deposition parameters. The

execution plan of the work are as follows:

1) Before, developing analytical model for MQWSC, analytical model
is developed for the p-i-n structure, as MQW are just inserted in the

intrinsic region of the p-i-n structure.

2) Then, an analytical model is developed for the MQWSC. In the
developed models, the spectral irradiance available from American
Society for Testing and Materials (ASTM) standards data sheets is
used for realising photon flux density instead of commonly used
Planck’s blackbody radiation law. This obtained photon flux density
is further used for evaluating the performance parameters of the solar

cell.

3) Based on the developed models, the analysis has been performed for
different composition of indium in InxGaixN well layers on
performance parameters of InGaN/GaN-based MQWSC since
InGaN is a well-established material for the high bandgap device
technology. After this, analysis is also performed for the proposed
CdZn0/Zn0O-based MQWSC by varying cadmium composition in
CdznO.

4) As the temperature of operation has a substantial influence on solar

cell performance, an extensive discussion on the temperature

14



dependence of the performance parameters of the p-i-n and MQW

solar cell is performed.

5) The analysis has also been performed to study the impact of number

of quantum well variation on device performance parameters.

6) Furthermore, the influence of solar irradiance on the performance
parameters and J-V characteristics of MQWSC is examined by
modifying the developed model i.e. by including the effect of solar

irradiance in the previously developed model.

7) Optimization of CdZnO/ZnO-based MQWs deposited for the first
time by dual ion beam sputtering (DIBS) at different deposition
conditions such as substrate temperature, ion beam power and

cessation time is performed.

8) Analysis of the deposited MQWs is performed using Spectroscopy
Ellipsometry, Secondary lon Mass Spectroscopy and High

Resolution Transmission Electron Microscopy.
1.5. Thesis Organization

The research in this thesis describe the analytical modelling, silvaco
atlas simulation, fabrication and measurement of MQWSs for
photovoltaic application to enhance solar cell performance. Based on

this, the thesis is organised as follows:

Chapter 1 presents the introduction of solar cell and the associated
performance parameters with it. And also discuss the motivation behind
the analysis of MQWSC.

Chapter 2 discuss the physics of the quantum well, recent
development in MQWSC and state of the art research in thic field.

Chapter 3 demonstrates the analytical model developed to
investigate the performance of InGaN/GaN-based p-i-n solar cell. As the
indium composition in the InGaN intrinsic material changes the energy
bandgap therefore its study is performed. Additionally, the effect of
operation temperature has been analysed on the performance parameters

of the solar cell.
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Chapter 4 describes the analytical model developed for the
MQWSC. Thereafter, the analysis has been performed to examine the
performance of InGaN/GaN-based MQWSC. An extensive discussion
of the different composition of InGaN materials in the well layers,
operation temperature and number of quantum wells on the performance
parameters of MQWSC has been performed. Moreover, the influence of
solar irradiance on the performance parameters and J-V characteristics
of MQWSC is explored by modifying the developed model
corresponding to solar irradiance. Additionally, the CdZnO/ZnO-based
MQWSC has been proposed and its performance is studied under

various conditions.

Chapter 5 illustrates the deposition and several characterization
techniques employed for CdZn0O/Zn0O-based MQWs. The thin films are
deposited by DIBS system, and characterizations are performed by
Secondary lon Mass Spectroscopy, High Resolution Transmission

Electron Microscopy and Spectroscopic Ellipsometry (SE).

Chapter 6 focuses on the optimization of substrate temperatures,
ion beam power and cessation time for the deposition of CdZnO/ZnO-
based MQWs for photovoltaics application.

Chapter 7 illustrates the summary of the research work from the
thesis and proposes the scope for future works for the continuation of

the research on this topic.
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Chapter 2

Fundamentals of multiple quantum well

solar cell

2.1. Introduction

The multiple quantum well solar cells (MQWSC) are first proposed by
Barnham and Duggan in 1990 [1] involving multiple energy bandgap
semiconductors and a rigorous research has been performed in this
efficiency enhancement technique in the past decade. The MQWSC is
just the extension of p-i-n structure, where quantum wells are
incorporated in the intrinsic region of the solar cell, to enhance
conversion efficiency of the solar cell [1]. The principle of MQWSC is
reasonably analogous to that of the tandem cell i.e. comprising several
energy bandgaps semiconductors to absorb different part of the
spectrum efficiently. However, instead of using two or more p-n
junctions prepared from different energy bandgap semiconductors, the
MQWSC consists of ultra-thin layers of different energy bandgap

semiconductors involving single p-n junction.

For p-i-n solar cells, it is reasonably challenging to achieve thick
intrinsic layers, because the thicker layer leads to an increase in
recombination of charge carrier before being collected at the electrodes.
In MQWSC, a well material with small energy bandgap leads to current
increment compared to the conventional solar cell as additional charge-
carriers are generated due to increased absorption of the solar spectrum.
This results, in an increase in Jsc. However, Voc remains relatively
unaffected as it is controlled largely by high energy bandgap of the
barrier material. Thus, this leads to an overall increase in the conversion
efficiency of the solar cell. MQWSCs also find applications in the
MJSCs for the effective current matching of all the sub cells, i.e. top,
middle and bottom cells [2].
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In concentrators and conventional solar cells, the prime concern is the
performance degradation with the increase in device temperature. Since
in MQWSC, transport mechanism of charge carrier from quantum wells
is mainly thermally activated, thus these are estimated to show a better
conversion efficiency at high temperature than the conventional cells
and therefore, this makes them more feasible for concentrated solar cell
applications [3, 4].

However, the thickness of the quantum well layer has to be optimized in
MQWSC for better performance. The thinner quantum wells permit
additional wells to be inserted for a fixed total thickness of the intrinsic
material, thus an increase in the number of quantum wells offers
additional material for the low-energy photon to get absorbed. But, this
also increases the interfaces for recombination of charge-carriers in
MQWSCs. While, the wider quantum wells have less probability for the
charge-carriers to be able to escape, therefore, increases the possibility

of recombination in the quantum well itself [5].

The conventional bulk cells have maximized conversion efficiency of
27.5% obtained at a single optimum energy bandgap of intrinsic
material, Es,= 1.4 eV, whereas the optimum conversion efficiency of
MQWSC is 30.2% obtained at the quantum well layer energy bandgap
of Ew= 1.33 eV [6].

2.2.  Physics of QWs

Quantum wells have different electronic structure as compared to other
heterostructure of semiconductors, because of the confinement of charge
carriers in one dimension of thin semiconductor layers. This distinctive
electronic structure affects the physical processes of incident photon
absorption, charge carrier transport and their relaxation, which plays
important part in photovoltaic energy conversion process [7]. The
typical quantum well structure with its corresponding energy band

diagram is shown in Figure 2.1.
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Figure 2.1  MQWSC schematic with its corresponding energy band
diagram [8].

A QW is developed when narrow energy bandgap semiconductor layer
i.e. well layer of a few nanometres thick is sandwiched between two
wide energy bandgap semiconductor layers i.e. barrier layers. If minima
of conduction band is lower and maxima of valence band is higher with
respect to energy in the well layer than in the barrier layer, then both the
charge carriers i.e. electrons and holes are in the well layer. The structure
involving similar type of QWs is shown in Figure 2.1 and this type of
QW is known as a Type | QW. If only one of the charge carrier type is
confined in the well layer, then it is known as Type 11 QW [7].

De Broglie have proposed that electron and other particles of the matter
can have wave like properties. The energy and momentum of the particle
would be associated to the frequencies and wave vectors of these “matter

waves” by the de Broglie relations [9]:
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E=hw (2.1)
p = hk (2.2)
where 4 = h/2x is Planck’s constant.

The time-independent Schrédinger equation describes the wave function
Y of electrons as [9, 10]:

2

V2 = Ey (2.3)

2m*
The wavefunction for QW can be attained by solving the generalized
one dimensional Schrodinger equation for each band with the one-
dimensional potential V(z) and position-dependent effective mass m*(z)
[7,11].

K% o 1 o0yY(2)
2 62[

L ] VWD =B @4)

m*(z) 9z
The QW forms a quasi-two-dimensional system. As the potential energy
of the well layer is lower compared to that of barrier layer, it leads to a
confinement in the electron wave function, which can be obtained by
solving the equation (2.4). Confinement of charge carriers i.e. electrons
and holes in the deposition/growth (say, z) direction (thickness of the
layer) leads to the quantization of z component of their kinetic energy
and momentum. The quantized energy (En) of the nth level
corresponding to the z component of the wave vector (kn) is given by [7]
B h2k2

= (2.5)

En

The first three quantized energy states in the conduction band structure
are shown in Figure 2.2. The charge carriers are confined to a set of sub-
bands of minimum energy Vy, but they are free to move in the (xy) plane
of the well layer. Therefore, the total energy of a charge carrier in the
nth sub-band within (xy) plane movement is equal to [7]

E(k) = E, + Mk (2.6)

2my,,

24



where k is the total wave vector, kyy is the component in the xy plane
(such that k? = kn 2+ kx?), and my* is the effective mass of the carrier

in this plane.
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20} P ““\\h
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Figure 2.2 Conduction band structure of a 5 nm thick QW with a
barrier height of 100 meV showing first three quantized energy states
[12].

In quantum well systems, there are only two degrees of freedom, as there
is one-dimensional confinement and thus it leads to an energy-
independent density of states (number of electron states per energy per

unit area per quantum well layer) for each confined subband [13].

1 2m”
2D E) = —

EO© (2.7)

The advantage of using such a confined system is that we can modify
the optical characteristics of the material, such as the optical absorption

edge.
2.3. Development in MQWSC

The rigorous study both via theoretical and experimental approaches has
been performed worldwide in the MQWSC. Theoretically, numerous
models have been developed to analyze the performance of MQWSC [5,
6, 14]. Ramey and Khoie [5] have studied MQWSC by developing a

model involving the escape, capture and recombination of the photo-
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excited charge carriers in quantum wells, and arrives at the conclusion
that incorporating MQW:s in the intrinsic region of p-i-n structure solar
cell leads to an improvement in the conversion efficiency. Aperathitis et
al. [14] have examined the performance of AlGaAs/GaAs-based
MQWSC by studying the effect of tunneling current on the generated
photocurrent at various temperatures. Anderson [6] has proposed an
ideal model to study MQWSC, based on the effect of charge carrier
generation and recombination in the QWs.

2Qr— T T v T T T

-y ry
ra Lo ]
1 1

Quantum Well Band Gap (eV)
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= £

ﬂ-ﬂ 1 ] L | i | i 1 i 1 i
o8 1.0 1.2 1.4 1.8 1.8 2.0

Baseline Band Gap Eg (eV)

Figure 2.3  Possible combination of quantum well bandgap (Ew) and
barrier bandgap (Eg) [6].

The energy bandgap (Ew) of quantum well layer has to be selected
corresponding to a particular barrier layer energy bandgap (Es), so that
enhancements in the conversion efficiency can be possible and the same
mechanism is shown in Figure 2.3 for the selection of quantum well
materials as per the barrier material or vice-versa. However, the
optimum values for the selection of the same are denoted by the solid
circular points. The upper bound of the shaded region is governed by the
line Ew = Eg, at which quantum well disappears, while the lower bound
is defined at which quantum well recombination reduces efficiency

enhancements. Note that for smaller Eg, the optimum value of Ew
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increases with the increase in Esg, but for larger Eg, Ew saturates and

takes on an optimum value 1.33 eV [6].

The number of QWs that can be inserted in MQWSC is basically limited
by lattice mismatch between well and barrier layers. Therefore, strain
balance approach is used for enhancing the conversion efficiency, for
example, if well produces compressive strain, then barrier with tensile
strain is used to balance the strain, thus overcoming the lattice mismatch

limitation and shown in Figure 2.4 [15].
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Figure 2.4  Energy band diagram of strain balanced MQWSC.

The basic dimensions relation to ensure the average lattice parameter (a)

across the intrinsic region is define as follows [16]:

tgag + tyya
q=-2"18""WW (2.8)
tg + tw

where tg and tw are the thickness of barrier and well region, and ag and

aw are the lattice parameter of barrier and well region, respectively.
2.4. State of the art research

There are several experimental studies to investigate the qualitative
performance of MQWSC. Various deposition techniques are employed
by the research community working in this technology. Mostly, the
research in this field is on GaN and GaAs based materials, as their
energy bandgap can be changed by alloying them with indium,
phosphorous and aluminium, so that most of the solar spectrum can be
covered more efficiently. Table 2.1 shows some of the research done in
this field by using different materials and deposition techniques.
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Table 2.1: Experimental study of MQWSC having different QW pair and

deposition techniques

Jsc PCE
_ Deposition | Voo FF
MQWs | QW pair : (mA/c (%)
technique | (v) (%0)
m?) [Ref]
| N
n3sGaesN (3 3.03
12 nm)/GaN (16 | MOCVD 1.8 | 2.56 64
[17]
nm)
In21Ga 79N (3 116
14 nm)/Al..uGas | MOVPE 21 | 0.84 66
1
6N (4 nm) [18]
In.15GagsN (3 23
7 | nmyGaN(@® | MocvD | 22 | 125 | 80 |
[19]
nm)
Rapid
In.10Gasg:iN Thermal
(2.3 Chemical 5.95
20 292 | 272 | 74.8
nm)/GaN Vapour [20]
(12.7 nm) Deposition
(RTCVD)
In.19GasiN (3
nasGaa ( 5.99
20 nm)/GaN (13 RTCVD 294 | 271 75
[21]
nm)
| N
n2GasgN (3 3.3
30 nm)/GaN (4 MOCVD | 2.26 | 2.97 | 67.9
[2]
nm)
In.18Gag2As
(8.5 10.5
10 MOVPE | 0.87 | 16.2 74
nm)/GaAs.7sP [22]
22 (12.5 nm)
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In16Ga g4AS
(7.6 nm)/ 14.2
20 MOVPE 0.88 | 22.25 | 80
GaAs79P 21 [23]
(11.6 nm)

Till date, there are only two experimental reports on the fabrication of
ZnO-based MQWs for solar cell by sputtering process.

The MQWSC structure fabricated by Matsushima et al. [24] is
composed of n-type Al:ZnO (AZO), 7 pairs of ZnInON (6 nm) / ZnO
(15 nm) MQWs, and p-type GaN or Si substrate. The deposition of
ZnInON well, ZnO barrier and n-type AZO layers is performed by RF
magnetron sputtering in Ar-O2-Nz, Ar-O2 and pure Ar ambient,
respectively. The Voc and Jsc parameters of MQWSC realized on p-Si
substrate are 0.23 V and 7.1 x 10™* A/cm?, respectively, and the
parameters on p-GaN substrate are 0.16 V and 1.9 x 10 A/cm?,
respectively. Comparatively, small total thickness of MQWs and the
wide bandgap of the well layers accounts for the low current density in
both cases. Comparatively, high current density in case of Si owes to its
smaller bandgap of 1.2 eV as compared to that of GaN (3.4 eV) at room
temperature. However, low Vo on p-GaN may be due to the large
number of dislocations (10° cm™), leading to an increase in carrier

recombination.

Our group have investigated the DIBS deposited CdZnO/ZnO-based
MQW for solar cell application and is part of this thesis and discussed

in details in the later chapters [25].
2.5. Conclusion

In this chapter, it is seen that, MQWSC is just the extension of the p-i-n
solar cell structure. The basic principle behind the QW as described by
Schrodinger equations are discussed briefly and it is analysed that
confinement of the charge carrier occurs in one dimension of thin
semiconductor layers. This feature affects the absorption of incident
photons and charge carrier transport mechanism in the thin

semiconductor layers. The confinement of the charge carrier in one
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dimension leads to the quantization of the kinetic energy in the same
dimension. As the number of QWs that can be inserted in MQWSC is
basically limited by lattice mismatch between well and barrier layers,
therefore, strain balance approach used for enhancing the conversion

efficiency is discussed.

Further, the research and development in the field of MQWSC using
different material system both theoretically and experimentally are
discussed. The analytical model developed for the p-i-n structure is
discussed in the next chapter followed by the analytical model
development for MQWSC discussed in the later chapter.
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Chapter 3

Analytical model for p-i-n solar cells

3.1. Introduction

Generally, a single p-n junction solar cells are developed and this
technology has almost reached to its efficiency limit as predicted from
Shockley and Queisser limit. Also, the production of a healthy depletion
region depends on the doping concentration of the two semiconductor
regions used to fabricate the p-n junction. As, low doping concentrations
produce a wide depletion region, and heavy doping concentrations
create a thin depletion layer, which are not helpful for PV conversion.
Optimising the doping concentration to create a depletion region width
comparable to the thickness of a thin film solar cell is a real challenge
faced by the researchers [1]. Therefore, new approaches are developed
and researched to further improve the conversion efficiency, one of
which is the introduction of intrinsic region in between the p and n type
semiconductor. In this structure, the built in potential is same as that of
the p-n junction with the same doping levels, but the electric field
extends to wider region. The lifetime of the carriers in the intrinsic
region are usually extended relative to those in the doped regions. The
overall depletion region is increased by the insertion of intrinsic region,
and therefore extends the thickness over which the more number of
photons can be absorbed and thus generates more number of electron-
hole pairs. As, this region is feasible for the carrier generation and
collection, thus it leads to the increase in short-circuit current density of
the solar cell. However, the intrinsic region thickness does not have
much impact on the open-circuit voltage, so the increase in conversion
efficiency is basically governed by the short-circuit current density [2].
The charge carrier which are photo-generated in this intrinsic region are

separated and driven towards the respective contacts by the electric field

[3].
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For this structure, the thickness of the intrinsic region should to be
optimized for maximum current generation in the solar cell. Although,
the light is more efficiently absorbed in thicker intrinsic region, but at
some thickness value of intrinsic region, it exceeds the space charge
width. The exceeded thickness is of no use and does not contribute to
the photocurrent generation [2-6]. So, this defines the maximum limit of
intrinsic region thickness in p-i-n structure, and therefore p-i-n solar cell
should be designed by having depletion region width greater than the

thickness of intrinsic region at operating bias.

A physics-based analytical model is presented to obtain device
performance parameters of the p-i-n solar cells. The solar energy spectra
for space and terrestrial application referred to as AMO, AM1.5G and
AML1.5D are based on ASTM standards [7-9]. In the developed models,
the device performance parameters such as short circuit current density,
open circuit voltage, and energy conversion efficiency are studied for
different indium composition (x = 0.1, 0.2 and 0.3) in InxGaixN
(intrinsic region) and at different temperatures. Despite the fact that
higher indium composition leads to a much better spectral overlap, it is
limited to 0.3 in this work, as the higher composition reduces the
crystalline quality leading to a larger loss of photo-generated charge
carriers [10]. In this work, the data sheets from the ASTM standard are
used, to ascertain the photon flux density [11] instead of the black body

radiation formula which differs from the actual solar energy spectra.
3.2.  Analytical Model

3.2.1 Basic parametric equations

Some of the basic parametric equations that are utilized in the model
developments to study the performance of the solar cell under different
conditions such as different composition of intrinsic material and

different operation temperature, are explained here.

The dependence of the energy band gap of the InxGai.xN alloy on the
indium composition is obtained by using the Vegard’s law and can

written as [12]
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E,(InyGa;_xN) = xE;(InN) + (1 — x)Eyz(GaN) —
bx(1—x)

(3.1)

Here, b is the bowing parameter whose value for InxGaixN is 1.43. The
variation of the energy band gap with the temperature can be described
by the expression given by Varshni [13]

PiT?

T (3.2)

Eg(T) = EgO -

where T is the absolute temperature, Ey, is the energy band gap at 0°K

and B, and B, are material dependent parameters.

The reverse saturation current density (/) is given by

D D
_ a2 2p n
]S - qnl <LPND + LnNA> (33)

where D, and D,, are the diffusion constants for holes and electrons

respectively and given by Einstein relation, L, and L,, are the diffusion

length for holes and electrons respectively and given by L =+ Dt ,
where t is the minority carrier lifetime and N, and Nj, are the acceptor

and donor concentrations.

The general absorption coefficient valid for all dimensional (D)
materials for free carriers is given by [14]

b2
th(hw—Eg—EO

2
a(w) = ag E_1 E, > Q(hw —E, (3.4)

— E)A(w)

where 0 (x) is the Heavyside function, A(w) is the band-filling factor,
EY = {h?n?(3 — D)}/{2m, L2} is the zero point energy, and the scaling
parameters, E; = h?/(2m,a?) and a = h?g,/(q*m,). Most of the
photon absorption occurs over the penetration depth, § = 1/a. The
thickness of the absorption material depends on the penetration depth
and the diffusion coefficient of hole and electron by the following
relation: diffusion lengths (L, and Ly )> absorber thickness > penetration
depth (8) [15].
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The spectral photon flux (Npn(Z)) and irradiance (I) are calculated from

spectral power density (P(4)) by using the following expression [11, 16]

Npp(1) = P(/’l)% = 5.034 x 10*P(1)1 (3.5)

I= f P(A) dA (3.6)

where h is the Planck’s constant and c is the speed of light. The photon
flux density is useful for calculating the theoretical number of photons
that can be collected as a function of photovoltaic material band gaps
[11, 17].

The P(4) for AML.5 is available from ASTM standard data sheets [7] as
a function of wavelength. These equations are further used for the
assessment of current density vs voltage (J-V), power density vs voltage

(P-V) characteristics and device performance parameters.
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Figure 3.1  Spectral power density from ASTM data sheets for
AM1.5 and Planck’s Law.

The spectral power density calculated from Planck’s Law is given by the

following expression [18]:

2hc? 1 Ry \?
5 hc T (Au —R >
exp (A_kBT) -1 )

where Rs and Re are the radii of the Sun and Earth, respectively, Au is

P(A,T) = (8.7)

the distance between the Sun and Earth, and T is the Sun temperature.
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The spectral power density from the ASTM data sheets for AM1.5 and
Planck’s Law is shown in Figure 3.1, and it can be concluded that more
accurate SC performance can be obtained with AM1.5 as compared to
the results achieved by using Planck’s law [19], as Planck’s Law gives
only approximate spectral power density. Therefore, in this study the
ASTM data sheets for AML1.5 are utilized to obtain the photon flux
instead of Plank’s Law.

n-type
i-region

Figure 3.2  The schematic of the p-i-n structure.

3.2.2 J-V characteristics and performance parameters of p-i-n

solar cell

The schematic of the p-i-n structure is shown in the Figure 3.2. The
illuminated current density vs voltage (J-V) characteristics of the p-i-n
solar cell is described by the Shockley solar cell equation [20, 21]:

Jeu(V) = Js[exp(V/Vy) — 1] = Jge + Jre (3.8)
where V is the terminal voltage, V; is the thermal voltage, J; is the
reverse saturation current density (the term including J represents the
ideal recombination current from the diffusion and recombination of
electrons and holes), J;. and /. are the superimposed current densities
corresponding to carrier generation (because of illumination by solar
spectra) and recombination in the intrinsic region respectively. For p-i-
n solar cell, the generation and recombination current density terms can
be written as in equations (3.9) and (3.10) [20, 21]:

Jee = qti[Gpuo + Gpur] (3.9)
Jre = QtiRpy = qtiBgynip, exp(V/Vy) (9.10)
where t; is the intrinsic region thickness and Gg,o and Gg, are the

optical and thermal generation rate respectively, throughout the intrinsic

region, Rpg, is the average recombination rate in the intrinsic region,
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Bg, is the barrier recombination coefficient, n;z, is the equilibrium
intrinsic carrier concentration. Since, Ggur = Bgynis,, and by
substituting the equation of J;, and Jz., in equation (3.8), J-V

characteristics of the p-i-n solar cell is

Jeu(V) = Js(1 + B3)[exp(V/Vy) — 1] — qt;Gpyuo (3.11)
where the factor 5 describe the contribution of the current required to
feed radiative recombination in the intrinsic region at equilibrium and is

given as

t;Bgun?
53 — qt; ?unlBu (312)
S

The short circuit current density can be obtained by substituting V = 0
in equation (3.11), if the optical generation rate in intrinsic region is
known, however, in this model it is obtained using the spectral photon

flux instead of Plank’ Law and is given as

JseBu = —qtiGpyo = _Q[fZNph(E > Epy) + Nph(E =
EBu)]

The term N, (E > Ep,,) is the net photon flux density corresponding to

(3.13)

the energies greater than Ep,, and N, (E = Ep,,) is the net photon flux
density corresponding to the energy Eg,, and f; is the fraction of the light
absorbed whose energies are above the energy band gap [22]. The open
circuit voltage is obtained by evaluating the Jgz, (V) = 0 in equation

(3.11) and by utilizing /.5, obtained from equation (3.13) and is given
by

(3.14)

VocBu — thn []s(l + .83) _]scBul

]s(l + 33)
The device performance parameter, which describes the quality of the
J-V curve, is the fill factor (FF) and is defined as [17, 22]

pp = YmBuJmbu (3.15)

VocBu] SscBu

Here, V.5, and J,,g, are the voltage and current density respectively,
corresponding to the maximum power density point on the J-V

characteristic of the solar cell, at which it has the maximal power
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density. The operating regime of the solar cell in which the it delivers
the power is in the range from 0 to V.. The power density of the solar
cell is given by P = JV [17]. The voltage V,,5, is obtained by the

derivation of power density P with respect to voltage V' and then
equating Z—i = 0 [23-25]. The final equation which is used to obtained

Vimpw DY the iteration method is

% V, |74
exp( OI;Bu) — exp( Y;Bu> [1 + Y;Bu] =0 (3.16)
t t t

Similarly, the value of /5, is obtained by the derivation of power
density P with respect to voltage / and then equating 3—? = 0. So, the

final iterative equation which is used to obtain /5, iS

]mBu
]mBu _]scBu +]s(1 + ﬁ3)
(3.17)
+In ]mBu _]scBu +]s(1 + 33) —0
]s(l + B3)

Finally, the energy conversion efficiency (n) of the solar cell is obtained
by using Jscgu» Vocpy @and FF from equations (3.13, 3.14 and 3.15) and
is given by [17]

VoeJscFF
n= % X 100% (3.18)

in
where P;,, = 100 mW /cm? as is described by the AM1.5 spectrum, is

the irradiance of incident light.
3.3.  Results and Discussion

Based on the analytical expressions derived above, the performance of
InGaN/GaN-based p-i-n solar cells has been evaluated, where InGaN
(150 nm) material is used as the intrinsic region with doping
concentration of 2 x 107 and 2 x 108 cm™ and thickness of 500 nm and
100 nm are used for the p- and n-GaN respectively. The J-V
characteristics and device performance parameters of the InGaN/GaN-
based p-i-n solar cell and their variation with different indium
composition (x) of InxGaixN in the intrinsic region and with various

temperature of operation are illustrated in this section.
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Figure 3.3 demonstrate the dark and illuminated J-V characteristics of
the p-i-n solar cell with different indium composition (x) of InxGai.xN
in the intrinsic region. Higher value of x in InxGaixN alloy reduces the
energy band gap of the intrinsic layer, because of which, Jscgy increases
as a result of the increase in the carrier generation, however Vocu
decreases as a result of the increase in carrier recombination [26-28].
Table 3.1 lists the performance parameters of the p-i-n solar cell for
different x. As can be observed from Table 3.1, the increase in Jscgy With
increasing x is larger as compared to the reduction in Vocgy, cOnsequently
leading to the overall rise in the value of 1. 1 increases by ~37 and ~56
% for x = 0.2 and 0.3, respectively, as compared to that for x = 0.1.
Therefore, the increase in the x in the intrinsic region of the p-i-n solar

cell enhances the solar cell conversion efficiency.
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Figure 3.3  J-V characteristics for p-i-n solar cell with different
indium composition (x) of InxGaixN in the intrinsic region.

Table 3.1: Performance parameters of p-i-n solar cell with different

indium composition of InxGai-xN

Parameters x=0.1 x=0.2 x=0.3

Jsc (MA/cm?) 1.18 2.22 3.84
Voc (V) 2.42 2.07 1.75
n (%) 2.69 4.28 6.18
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As the temperature of operation has a significant impact on solar cell
performance, its effects on p-i-n solar cell performance parameters have
been studied and are depicted in Figure 3.4. With the rise in temperature,
the energy band gap decreases as depicted by equation (3.2), and
because of that extra lower energy photons will be absorbed, which
results in the increment of Jsceu. As expressed in equation (3.14), Vocau
is determined by both Jsceu and Js, however, the influence of the increase
in Js is more as compared to the increase in Jscgu With the increasing
temperature, leading to the overall decrement of Vocgy [29] and it follows
approximately the linear curve [17]. As the temperature increases from
200 to 400 K, the larger reduction of Voceu (~28 %) as compared to the
minor enhancement in the value of Jscau (~13 %) eventually leads to the
reduction in the value of » (~13 %) [17, 30], indicating that # has
negative temperature coefficient. Therefore, it is concluded that, the rise

in temperature leads to the reduction of the conversion efficiency.
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Figure 3.4  The temperature-dependent short circuit current density,

open circuit voltage and conversion efficiency of p-i-n solar cell.
3.4.  Conclusion

A physics-based generic analytical model for the p-i-n structure is
developed for the calculation of device performance parameters and
obtaining J-V characteristics of the solar cell. Significantly, in the

developed model, the spectral power density available from the ASTM
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standard data sheets is utilized for attaining photon flux density instead
of Plank’s Law used in other published literatures, which minimizes the
dissimilarities included in the performance parameters by using Plank’s
Law. Further, this obtained photon flux density is used for the modelling
of performance parameters of the p-i-n solar cell. After, successfully
developing the analytical model for p-i-n solar cell, the device
performance parameters are studied for different indium composition in
InxGaixN (intrinsic region) of the InGaN/GaN-based p-i-n solar cell.
The results shows that the conversion efficiency increases from 2.69 to
6.18 % as the indium composition in InyGai-xN increases from 0.1 to
0.3. The temperature-dependent study of the device performance
parameters has shown that, with the increase in operation temperature
from 200 to 400 K leads to the decrease in conversion efficiency of p-i-
n solar cell from 4.54 to 4.01 %.
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Chapter 4

Analytical model for MQW solar cells

4.1. Introduction

The recent approach for enhancing the energy conversion efficiency of
the photovoltaic devices is to reduce the losses associated with the
inability to absorb lower energy photons compared to the photons being
absorbed by the base material [1]. This shortcoming can be resolved by
using multiple quantum wells (MQWS) inside the intrinsic region of a

p-i-n solar cell structure [2].

In the last few decades, the MQW solar cells (MQWSCs) have been
studied extensively to enhance conversion efficiency of the solar cell
[2]. The efficiency limitation in the p-i-n solar cell (because of the trade-
off between a high energy band gap, which enhances the open circuit
voltage and a low energy band gap which boosts short circuit current) is
overcome by the implementation of the MQWs in the intrinsic region of
the p-i-n solar cell [2-4]. Introducing MQWs provides the flexibility to
modulate the optical properties to enhance solar cell performance [5],
and therefore allows independently controlling and optimizing both the
current and voltage performance parameters of the solar cell [4]. It is
well known that the value of energy band gap of the well material must
be smaller than that of the p-i-n solar cell in order to have additional
energy sub-band levels between conduction and valence bands, so that
additional low energy photons can also be absorbed in the solar cell [1,
6, 7].

The MQWSCs have potential application in the multi-junction solar
cells (MJSCs) for the energy bandgap optimization so that current
matching of the top, middle and bottom cells can be achieved [8-10]. In
concentrators and conventional solar cells, the prime concern is the
performance degradation with the increase in device temperature. Since
in MQWSC, carrier escape from quantum wells is primarily thermally

activated, thus these are expected to show a better conversion efficiency

49



dependence on temperature than the conventional cells and this makes

them more feasible for concentrated solar cell applications [11, 12].

Several simulation, analytical and experimental study have been
reported to investigate the performance of the MQWSC [13-17]. Renaud
et al. [13] have shown that with the inclusion of quantum wells in a p-i-
n solar cell, the photocurrent improves without much reduction in the
open-circuit voltage (Voc) leading to overall increment in the photon
conversion efficiency (n). Connolly et al. [14] have not considered
capture and escape rates from the well and characterized the dark current
in terms of the quantum well density of states. A model including the
escape, capture and recombination of the photo-excited carriers in
quantum wells was proposed by Ramey and Khoie [15] in which an
improved conversion efficiency is presented by inserting MQWs in the
depletion region of p-i-n solar cell. Aperathitis et al. [16] have examined
the tunneling current contribution to the photocurrent at various
temperatures on AlGaAs/GaAs MQWSC. Anderson [17] developed an
ideal model for MQWSC, incorporating carrier generation and
recombination in the QWSs, and discussed the qualitative analysis of
MQWSC performance.

In this work, a physics-based analytical model and silvaco atlas tool
based simulation are presented and the performance parameters of the
solar cell based on the developed model and simulation are scrupulously
investigated. The device performance parameters of the InGaN/GaN and
Cdzn0O/Zn0O-based MQWSC are obtained and the effect of mole
fraction of the well material (intrinsic region) on the J-V characteristics
of solar cell is also studied. The thermal stability of device performance
parameters is also examined by an extensive discussion on the
temperature dependence of these parameters. Further, the impact of
number of pairs of quantum wells on the conversion efficiency of
MQWSC is also studied. Significantly, the American Society for
Testing and Materials (ASTM) standards data sheets and spectral
irradiance are utilized for attaining photon flux density instead of
Plank’s Law used in other published literature [18-19]. Further, this
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photon flux density is used for the calculation of performance
parameters of the device. The developed analytical model for the
MQWSC is also verified with the published experimental data by other

researchers.
4.2. Analytical Model

The MQWSC is basically a p-i-n solar cell containing multiple numbers
of quantum well (QWSs) in the intrinsic region (active region). The
MQWSC structure consists of quantum well material of energy band
gap Ew less than that of the barrier material having energy band gap of
Es. With the modification in equation (3.11) of p-i-n solar cell, the
illuminated J-V characteristics of the MQWSC including the generation

and recombination in the well and barrier region is described by
Jow(V) =Js(1 +rB)[exp(V/Ve) — 1] — qt;[fiGwo +
(1= f1)Ggol
where r = 1 + f;[y,v2exp(AE /kT — 1)] includes the enhancement in

(4.1)

the dark recombination current because of the presence of the QWs in
the intrinsic region, y; = By, /By is the recombination coefficient
enhancement factor, y, = gy /gg is the effective volume densities of
states enhancement factor and AE = Ez — E, and other parameters

involved in equation (4.1) are described in the previous chapter.

The short-circuit current density for the MQWSC can be obtained by
substituting V' = 0 in equation (4.1), if the optical generation rate in well
and barrier region are known, however, in the developed analytical
model it is obtained using the spectral photon flux instead of Plank” Law

and is given as follows

Jscow = —qti[fiGwo + (1 — f1)Gpo] = —q[fwNpn(Ep >

(4.2)
E > Ey) + (1= f,)Npn(E > Ep)]

Here, N, (Eg > E > Ey,) is the net photon flux density corresponding
to the energies between Ep and Ey, and Ny, (E > Ejp) is defined net

photon flux density corresponding to the energies greater than E5. Now,
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by substituting /o, = 0 in equation (4.1) and by utilizing equation (4.2),

the open circuit voltage can be obtained and is given as follows

Js(L+71B1) = Jscow
]s(l + rﬁl)

The Vimow and Ji,ow are the voltage and current density respectively

Vocow = Viln (4.3

corresponding to the maximum power density point on the J-V
characteristic of the MQWSC and can be obtained in the similar way as
they are obtained for the p-i-n solar cell in the previous chapter by the

derivation of P = JV with respect to voltage (V) and current density (J),

and then equating g—szo and Z—’;zo, respectively. The final

expressions that are used for obtaining them by iterative methods are as

follows
VocQW) (VmQW> [ VmQW]
— 1 =0 4.4
exp ( 7, exp 7 + 7, (4.4)
]mQW

Jmow — Jscow +Js(1 +751)

]mQW _]chW +]s(1 + Tﬁl)l -0
]s(l + Tﬁl)

Next, the other performance parameters i.e. fill factor and conversion

(4.5)

+ In

efficiency of the MQWSC are calculated in the same way as for the p-i-
n solar cell in the previous chapter.

The above developed analytical expressions of various performance
parameters of MQWSC are valid for the constant solar irradiance.
However, in real-world application of the solar cell, the irradiance level
varies with geographical location, weather conditions, time in a day, and
most importantly with the solar concentration (i.e. concentrated light).
Therefore, to analyse the device performance with respect to solar
irradiance, the performance parameters developed above has to be

modified accordingly.

The short-circuit current density (Jscow) available from equation (4.2) is
modified and it is included (multiplied) with the term corresponding to

irradinace (1) (also called as number of suns) and is given by
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]SCQW = _ql[waph(EB >E > Ey)

(4.6)
+ (1 - fw)Nph(E > EB)]

In equation (4.6), Jscow is directly proportional to irradiance because
electron-hole pair generation is directly related to the irradiance level.
However, there is no need to modify open circuit voltage (Vocow), as it
is automatically gets modified since Jscow term is already included in
equation (4.3) and it can be seen that Vocow is logarithmically dependent
on the irradiance level. Finally, the conversion efficiency also
automatically gets modified as per the equation (3.18) and therefore,
varies logarithmically with the irradiance level similar to Vocow, as the
impact of increase in Jscow iS compromised by the increased solar

irradiance level.
4.3. Simulation

After successfully developing the analytical model for MQWSC,
simulation is also performed using the Silvaco-Atlas tool [20] to further
investigate the MQWSC. This section gives a brief description of how

the code is developed in the Silvaco-Atlas.

In Atlas simulation, basically there are three process involved to predict
the electrical behaviour of the semiconductor devices: (a) Generating
atlas input files, (b) Running atlas simulation, and (c) Analysing atlas

output files.

Runtime Output

‘/ DevEdit \\
Structure Files
e -
( ATLAS

{ Athena
\- 4 Device

Simulator
e e

Log Files

TonyPlot

Command File

( . /\
\\ DeckBuild

Figure 4.1  Atlas Inputs and Outputs.

Solution Files

Figure 4.1 shows the input and output files of the Atlas. The two types

of input files are used in the Atlas: (a) a text file that contains Atlas
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commands and (b) a structure file that defines the structure to be

simulated.

The output of Atlas comes in terms of three files: (a) the runtime output
gives the progress, error and warning messages during the simulation
process, (b) the log file stores the terminal characteristics, and (c) the
solution file that stores 2D and 3D data relating to the values of solution

variables.

An Atlas command file is a list of commands for Atlas to execute. The
input file contains a sequence of statements. The order in which
statements occur in an Atlas input file is important. There are five groups
of statements that must occur in the correct order shown in Figure 4.2.
Otherwise, an error message will appear, which may cause incorrect

operation or termination of the program.

* Mesh
. . * Region
1. Structure Specification . Electrode
* Doping
* Material
2. Material Models * Models
Specification + Contact
* Interface
3. Numerical Method - Method
Selection
* Log
. : : + Solve
4. Solution Specification . Load
* Save
. * Extract
5. Results Analysis + Tonyplot

Figure 4.2  Atlas command group with the primary statements.

The device analysis has been carried out using Atlas from Silvaco by the
incorporation of following physical models: Boltzmann statistics,

Shockley-Read-Hall, Auger recombination, optical recombination/
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generation model (OPTR), KP model and bandgap narrowing [20]. In
Silvaco-Atlas, the drift-diffusion, Poisson, and Schrodinger equations
are coupled and solved for both types of carriers, i.e. electron and hole,
to study J-V curves.

As, the solar cell has to be analysed under illumination condition,
therefore a Luminous program is there in the Atlas framework.
Luminous calculate the optical intensity profiles that are converted to
photo-generation rates and are directly integrated into the generation
terms in the carrier continuity equation. In Atlas, the solar spectra AMO
and AM1.5 can be directly accessed by specifying them in the beam
statement. In this study, numerical simulation is performed under 1-sun
AM1.5G (100 mW/cm?) of ASTM Standard Spectrum with a normal
incidence of light source to the device, to study the device performance
under illumination. The performance parameters associated with the
solar cell are extracted using the extract statement after the log file is

generated for the illuminated current-voltage characteristic.
4.4. Results and Discussion

Based on the analytical expressions derived above in section 4.2, the
performance of MQW solar cells has been evaluated. The J-V
characteristics and device performance parameters of the structure and
their variation with different composition (x) of intrinsic region material
are illustrated in this section. Further, the MQWSC is also analysed for
various temperature of operation and different pairs of number of

quantum wells.

4.4.1 InGaN/GaN-based MQWSC

InGaN alloy offers a great possibility for solar cell applications because
its energy band gap can be tuned continuously from 0.7 to 3.4 eV, which
can be utilized to cover almost the entire solar spectrum [21]. Apart from
the direct and wide energy band gap, it possesses the favorable
photovoltaic properties such as high mobility, low effective mass of
carrier and high absorption coefficient, which makes them suitable for

the photovoltaic application [22]. The various aspects such as optical
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and structural characteristics of InGaN alloy for the photovoltaic
application are discussed by Jani et al. [22] and InGaN based p—i—n and
quantum well solar cells are also designed, in which InGaN is deployed
as the active layer [23].

n-GaN (100 nm)

Well (3 nm) MQWs
(InGaN/GaN)
Barrier (5 nm)

p-GaN (500 nm)

Conduction Band Minima

Wells (InGaN)

~

Y .
LV
Barriers (GaN)

Valence Band Maxima

Figure 4.3  J-V characteristics for MQWSC with different indium

composition (x) of InxGaixN in the intrinsic region.

In this section, a discussion is presented on the results obtained for the
MQWSC. The basic structure of InGaN/GaN-based MQWSC is shown
in Figure 4.3 with its corresponding band diagram. The quantum well
structure consists of GaN and InGaN as barrier and well materials,
respectively, in the intrinsic region of the p-i-n structure, whereas the p-

and n-regions are based on GaN material.

Figure 4.4 exhibits the dark and illuminated J-V characteristics of the
MQWSC that consists of 20 wells of thickness 3 nm each with different
indium concentration in InxGaixN and 21 barriers each having 5 nm
thickness. The device performance parameters are summarized in Table
4.1. The indium composition (x) of InxGaixN in well has the similar

effects on the J-V characteristics of MQWSC and its parameters as that
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for the p-i-n solar cell. As x increases from 0.1 to 0.3, Jscow increases by
~41 and ~64%, respectively, whereas the Vocow decreases by ~17
and~39%, respectively, leading to the overall increment in n by ~30 and

~27%, respectively.

5
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Current Density, J (mA.h:mz)
[

| |
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.0 0.5 1.0 1.5 2.0 2.5
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Figure4.4  J-V characteristics for MQWSC with different indium
composition (x) of InxGaixN in the intrinsic region.

Table 4.1: Performance parameters of MQWs solar cell with different

indium composition of InyGaixN

Parameters x=0.1 x=0.2 x=0.3
Jscow (MA/cm2) 1.50 2.53 4.16
Vocow (V) 2.43 2.07 1.74
n (%) 3.42 4.89 6.69

In Figure 4.5, temperature-dependent device performance parameters of
the MQWSC are exemplified. With the rise in temperature from 200 to
400 K, Jscow increases from 2.37 to 2.77 mA/cm?, respectively, and
Vocow decreases from 2.32 to 1.81 V, respectively, due to which 7
decreases from 5.15 to 4.65%, respectively. The reason behind the
increment in Jo.oy and decrement in both V, oy, and n are similar as
explained for p-i-n solar cell, however, the impact of temperature on
MQWSC is less as compared to that on p-i-n solar cell because the

carrier escape mechanism in the quantum wells is mainly thermally
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activated and also MQW structure have better absorption properties than
those of bulk materials [3, 24]. As the temperature increases from 200
to 400 K, MQWSC has exhibited ~9.7% decrement in the value of n as
compared to 11.6% in case of p-i-n solar cell shown in chapter 3.
Evidently, MQWSC shows favourable results with the temperature as

compared to p-i-n solar cell.
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Figure 45  Temperature-dependent variation of short circuit current

density, open circuit voltage and conversion efficiency for MQWSC.
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Figure 4.6  The variation of conversion efficiency with the number of
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58



Figure 4.6 displays the variation of n with the number of quantum wells
in the intrinsic region of MQWSC. As the number of quantum wells
increase from 10 to 20, n increases from 4.82 to 4.89%, respectively,
because of the availability of more material for the low energy photons
to get absorbed efficiently, which in turn increases n [25]. The effective
increase in n tends to reduce as the number of quantum wells increases
beyond 20. This is because of the degradation in n of photogenerated
carriers from the active region due to the fading of internal electrical
field for large number of quantum wells [26]. Thus, it is concluded that,
MQWSC shows improvement in overall n as the number of QWs
increases till the point where the increased absorption outweighs the

increased recombination [25].

Table 4.2: Comparison of device performance parameters with the

experimental results

Parameters Vocow (V) | Jscow (MA/cm?) N (%)
Bae et al. [27] 2.20 1.25 2.30
Our Results 2.24 1.43 2.61
Farrel et al. [28] 1.93 2.67 -
Our Results 1.93 2.53 -

Table 4.3: Comparison of temperature coefficient for device

performance parameters

Temperature
o Jeng et al. [29] Our Results
Coefficient
Voc (V/ °C) -2.76 x 103 -2.46 x 1078
Jsc (MA/cm?/ °C) 0.46 x 103 1.0x 1078
n (%/ °C) -9 x 107 -12 x 104

Now, the developed analytical model is also compared with the
published experimentally obtained performance parameters of the
MQWSC by other researchers [27-29], just to verify the developed
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model. During comparison, the results from the developed analytical
model are obtained by inserting the materials and structural parameters
of the published experimental research. The analytical results are
obtained and compared in Table 4.2 and 4.3 with the published
experimental research. From Table 4.2, it can be seen that, the
performance parameters obtained from the analytical model are quite
similar to the experimental work of others [27, 29] with acceptable error
margin. Next, the temperature-dependent device performance
parameters are verified with those reported by Jeng et al. [29] and the
analytically obtained temperature coefficient are considerably similar to
that of experimental work. The close agreement with the published
experimental data by Bae et al. [27], Farrell et al. [28] and Jeng et al.
[29] confirms the validity of the analytical model described here.

By comparing the results of the p-i-n solar cell from chapter 3 and
MQWSC from this chapter, it is clear that with the inclusion of QWSs in
the intrinsic region of p-i-n structure increases the n as can be seen from
Table 3.1 of Chapter 3 and Table 4.1 of this chapter, because the
inclusion of QWs extends the solar cell absorption spectrum [24]. The
proposed model can be used to analyse various multiple quantum well

solar cell based on different well and barrier materials.

4.4.2 CdZnO/ZnO-based MQWSC

The major problem with InGaN and GaN system is their large lattice
mismatch and the non-availability of native substrates. However, ZnO
offers several fundamental advantages such as high breakdown strength,
large excitonic binding energy, availability of native substrate,
possibility of performing wet chemical processing, comparatively more
resistant to radiation damage and transparency in the visible region [30].
Therefore, in this section, we have proposed the CdZnO/ZnO based
MQWSC and obtained the performance parameters of the solar cell
based on the developed analytical model and the Silvaco-Atlas

simulation.

In recent years, the ZnO-based compound semiconductors are being
probed for optoelectronic, energy and photovoltaic applications [31-35].
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Our group has successfully demonstrated dual ion beam sputtering
(DIBS)-grown MgZnO/CdznO potential well for heterostructure field
effect transistor (HFET) application [36] and CdZnO/ZnO MQWs for
light emitting diode (LED) application [33] utilizing 15 at.% Cd in
CdznO. Here, we report utilizing 15 at.% Cd-doped ZnO in the
MQWSC structure. Prior to experimental fabrication, it is imperative to
perform analytical study regarding the performance parameters of the
proposed MQWSC structure. Therefore, an analytical and simulation
study has been undertaken to estimate the device performance
parameters that will be expected from the proposed CdZnO/Zn0O-based
MQWSC. This is significant as DIBS-grown ZnO-based MQWSC can
provide a high-efficient and cost-efficient SC option. In addition, with
the energy bandgap range of 2.2 to 3.37 eV [33], CdZnO can offer a
great possibility in photovoltaic devices as it covers ultraviolet-visible

region of the solar spectrum.

In this work, an analytical and simulation study on the proposed
CdzZn0O/ZnO-based MQWSC is implemented and the performance
parameters of the solar cell based on the developed model are
scrupulously investigated. The thermal stability of device performance
parameters is also examined. In addition, this study explores the effect
of variation in the QWSs number on device performance of CdZnO/ZnO-
based MQWSC. Further, this study delves into the possibility of
efficiently absorbing high energy photons along with the probability of
obtaining positive temperature coefficient of n in CdZnO/ZnO-based
MQWSC. The material parameters used in this study are obtained from
the Sb-doped p-type ZnO (SZO), Ga-doped n-type ZnO (GZO), CdZnO
and ZnO thin films grown by DIBS. The DIBS system is remarkable in
producing high-quality thin films with excellent uniformity, superior
compositional stoichiometry and strong film adhesion to substrate.
Apart from these, other perceptible features of the DIBS system are
reduced surface roughness and in situ substrate pre-cleaning before the

growth process using assist ion source [30].
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The individual thin films of SZO, GZO, CdZnO and ZnO have been
deposited by DIBS, as reported in our earlier works [30, 37, 38] and
different characterization have been performed to obtain various
electrical and optical parameters of the thin films. Some of the electrical
and optical parameters obtained in these reports are used for analytical
modelling and Silvaco-Atlas simulation of CdznO/ZnO-based
MQWSC, and they are listed in Table 4.4.

Table 4.4: Room temperature material parameters used in the

simulation and analytical modelling

Parameters GZO SZ0O CdznO Zn0O
Carrier
_ 2.88 x 1.36 x 2.14 x 18
concentration 1019 1017 1016 7.2x 10
(cm®)
Mobility
14.16 6.75 8.38 6.5
(cm?/V.s)
Carrier 3.0 1.0 1.0 1.0
lifetime (s) %109 %1079 x107° x107°

The developed analytical model is already verified in the previous
section. Now, the Silvaco-Atlas simulation model is compared with the
experimentally obtained performance parameters of the GaAs-based
MQWSC by Zhu et al. [4], just to verify the developed simulation
model. While comparing, the results from the simulated model are
obtained by introducing the materials and structural parameters of the
published experimental research of Zhu et al. [4]. The results obtained
are compared in Table 4.5 with the published experimental research.
Table 4.5 listed the performance parameters obtained by Zhu et al. [4]
experimentally and those from the simulated model in this work, and the
error margin in both the values of the respective performance
parameters. It can be seen that, the performance parameters obtained
from the simulated model are quite similar to the experimental work of

others [4] with acceptable error margin. The successful replication of the
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experimental results of GaAs-based MQWSC structure reported by Zhu
et al. [4] confirms the validity of the simulated model in Silvaco-Atlas

described here.

Table 4.5: Validation of simulated device performance parameters with

the experimental results

Parameters Zhuetal. [4] | Our Results Error Margin

(%)
Vmow (V) 0.88 0.89 1
Jmow(mA/cm?) 20.83 23.60 11
Vocow (V) 0.98 0.98 1
Jscow (MA/cm?) 22.08 24.34 9
FF (%) 84.4 87.8 4

n (%) 18.33 21.01 12

Well (5 nm)

Barrier (10 nm)

Conduction Band Wells (CdZnO)

\ o<
Barriers (ZnQ)
Maxima

Figure 4.7  Schematic of MQWSC structure with its corresponding

band diagram.
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The CdZn0O/Zn0O-based MQWSC schematic is shown in Figure 4.7 with
its corresponding energy band diagram. It consists of quantum well of
CdZnO material with energy bandgap lesser than that of the ZnO barrier
layer. On the basis of analytical expressions and simulation from
Silvaco-Atlas described above, the performance of CdZnO/ZnO-based
MQWSC has been investigated.

The structure consists of 100 nm of GZO, 500 nm of SZO and 3 pairs of
QWs with well and barrier thicknesses of 5 and 10 nm, respectively. The
dark and illuminated, J-V and power density versus voltage, P-V
characteristics of the CdzZnO/ZnO-based MQWSC are depicted in
Figure 4.8. At room temperature, Jsc = 1.21 mA/cm?, Voc = 2.67 V, and
n = 3.03%, are attained for the proposed MQWSC structure under
AM1.5 condition from the analytical model, which are in good
agreement with the simulated results obtained from the Silvaco-Atlas
model as shown in Figure 4.8. From the P-V characteristics, maximum
power density point is determined and the voltage and current density

corresponding to the same are Vim = 2.55 V and Jn = 1.19 mA/cm?,
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Figure 4.8  J-V and P-V characteristic of MQWSC.

In Figure 4.8, the obtained Vo (2.67 V) is large as compared to that for
GaAs material system (~ 1 V) [4] due to the high energy bandgap of
ZnO-based material system. It is noteworthy that, due to the inability to
absorb low energy photons, Jsc in CdZnO/ZnO MQWSC is small as

64



compared to that for GaAs-based MQWSC. Therefore, it can be
concluded that a compromise amongst Vo and Jsc is to be made,
depending upon the energy bandgap of the materials system. However,
this study utilizes higher energy bandgap materials to efficiently utilize
high energy photons. This suggests that CdZnO/Zn0O-based MQWSC
can be used as a top cell in MJSC structure [8-10], so that current
matching in different sub-cells of the MJSC can be achieved and the

maximum current can be produced.
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Figure 4.9  Temperature dependent J-V and P-V characteristic of
MQWSC.

In Figure 4.9, the temperature dependent J-V and P-V characteristics of
the CdZnO/ZnO-based MQWSC are described for same structural
parameters as given in Figure 4.7. It can be seen that Jsc increases with
a rise in temperature. As evident from equation (3.2) from chapter 3, Eq
decreases with the operating temperature increase and the extra lower
energy photons will get absorbed, that leads to increase in Jsc. However,
the rise in temperature leads to a decrease in Vqoc. Equation (4.3) shows
that Voc is directly proportional to Jsc and inversely proportional to J,
yet the influence of Json Vo is comparatively higher than that of Js,
leading to an overall decrease in Voc with temperature [39, 40]. The
increase in Js is caused by a decrease in Eg with the increase in
temperature. The power density peak, as shown in Figure 4.9, drifts

toward lower applied voltages with increasing temperature, which can
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be attributed to the coherent devaluation in Voc. It is interesting to note
that, in Figure 4.9, unlike other material systems such as Ge, Si, and
GaAs [41], with the temperature increase from 220 to 380 K, the power
density peak magnitude increases from ~2.91 to ~3.27 mW/cm? in ZnO-
based MQWSC. The observed behaviour can be attributed to the higher
rate of change in the photocurrent for CdZnO/ZnO-based MQWSC, than
that of Voc. The positive thermal power density coefficient (2.25x107
mW/cm?/°C) indicates that CdZnO/ZnO-bhased MQWSCs can be used
in concentrator photovoltaic applications where good thermal

performance is indispensable.
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Figure 4.10 Temperature dependence of performance parameters of
MQWSC.

In Figure 4.10, the variation of performance parameters such as Jsc, Voc,
and n with the operating temperature are shown for CdZn0O/Zn0O-based
MQWSC with the same structural parameters as described in Figure 4.7.
With the temperature increase from 220 to 380 K, Jsc increases from
1.05 to 1.44 mA/cm?. However, Vo decreases from 2.86 to 2.43 V. A
higher increase in Jsc (27.1% increase) compared to the reduction in Voc
(17.7% decline), leads to an overall increment in n from 2.85 to 3.32%
with increasing operating temperature. It is seen in Figure 4.10 that Vo
has a negative temperature coefficient (-2.63x10 V/°C) while both Js
and n have positive temperature coefficients i.e. 2.43x10° mA/cm?.°C
and 2.91x10° %/°C, respectively. Therefore, unlike GaN-based
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MQWSC, conversion efficiency have positive temperature coefficient

in ZnO-based MQWSC indicating better thermal performance.

Figure 4.11 exhibits the variation of performance parameters with the
number of QWs (CdZnO as well layer and ZnO as barrier layer) in the
intrinsic region of MQWSC. As the number of QWs increases from 3 to
19, the performance parameters of MQWSC decreases i.e. Jsc by
~2.21%, Voc by ~0.04% and n by ~2.26%. As reported in prior literature
[25], Jsc generally increases with the increase in number of QWs.
However, here an opposite trend is observed for Jsc with increasing the
number of QWs in CdZnO/ZnO-based MQWSC. This is probably due
to the high energy bandgap of CdZnO and ZnO (used as well and barrier
materials), that can absorb photons with smaller wavelengths with
spectral power densities lesser than 1 W/m?.nm. Bae et al. [42] have also
observed similar results for InGaN/GaN material system. Now, as
increase in the number of QWs enhances the recombination rate due to
the increase in number of interface available for recombination,
therefore leading to the decrease in Vqoc. The combined effect of decrease
in both the performance parameters, Jsc and Voc leads to the decrease in

n as shown in Figure 4.11.
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Figure 4.11 The variation of performance parameters with the

number of quantum wells.

Mostly, performance parameters of the solar cells are reported at

standard test condition (STC, i.e. irradiance level of 100 mW/cm? at
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AM1.5G spectrum and at 25 °C). However, in real world applications,
the solar cells are operated in non-STC, i.e., solar irradiance level (I)
varies with geographical location, weather conditions, and time in a day
[43, 44]. Therefore, here a study is performed to analyse the effect of
solar irradiance, 1 = 10 to 5000 mW/cm? on CdZnO/ZnO-based
MQWSC characteristic and its performance parameters. Here, the
analysis is also performed for more than 1 sun i.e. under concentrated
light, to investigate the performance of MQWSC under concentrated
light [45]. For the analysis of performance parameters of MQWSC
under different solar irradiance level, the modified short-circuit current

density given by equation (4.6) is used instead of equation (4.2).
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Figure 4.12 (a) J-V and P-V characteristic with variation in Solar
Irradiance level (10 to 200 mW/cm?), (b) performance parameters of
MQWSC with variation in solar irradiance level (10 to 5000 mW/cm?).
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The variation of the J-V and P-V characteristics of the CdZnO/ZnO-
based MQWSC with the change in I is shown in Figure 4.12 (a). The
power density increases from 0.28 to 5.89 mW/cm? with the increase in
| from 10 (0.1 sun) to 200 (2 suns) mW/cm?, respectively. The SC
performance parameters vary with changes in |, as can be seen in Figure
4.12 (b), and similar results are also reported by Dalal et al. [43].
However, in this work, the analysis with 1 is further extended to 50 suns
to get better understanding of the effects appeared with increasing
irradiance. It can be seen form (5) that Js is linearly dependent on I, due
to the additional photo-generated charge carriers with the corresponding
rise in 1, as shown in Figure 4.12 (b) [43, 44]. However, Vo increases
logarithmically with 1, since Voc benefits arises from its logarithmic
dependence on Js.. As | increases from 10 to 5000 mW/cm?, the SC
performance parameters increase as follows: Jsc from 0.12 to 57.98
mA/cm?, Vo from 2.60 to 2.77 V and # from 2.85 to 3.04 %. It appears
that » also varies logarithmically with the corresponding rise in | similar
to Vo, and it is because of the compromise of the linear effect of Jsc with
that of I; therefore, it varies according to Voc [45]. So, it is concluded
that the SC performance decreases as | decreases and it might be due to
bad weather condition, geographical locations etc. However, the
performance can be improved by using solar concentrators acting as a
source of multiple number of suns. The results specify the strong
prospective of CdzZnO/ZnO-based large-area and cost-effective
MQWSC for concentrated photovoltaic applications.

45. Conclusion

A physics based generic analytical model for MQWSC is developed for
the calculation of device performance parameters and obtaining J-V
characteristics of the solar cell. The results show that the inclusion of
QWs in the depletion region of the p-i-n solar cell leads to the
enhancement of ~27% in the conversion efficiency for the same
composition (x = 0.1) of InxGaixN in InGaN/GaN-based solar cell. For
InGaN/GaN-based MQWSC, the conversion efficiency increases by

~30 and ~27% if the indium composition in InxGai-xN increases from x
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=0.1to 0.2 and further to x = 0.3. The temperature-dependent study of
the device performance parameters has shown that, with the increase in
temperature, conversion efficiency decreases. Approximately, 9.7%
decrement in the conversion efficiency of the MQWSC is obtained as
the temperature increases from 200 to 400 K. The MQWSC has
demonstrated more favourable temperature dependence of the efficiency
compared to p-i-n solar cell as seen from previous chapter. The study of
the effect of number of quantum wells on the solar cell have shown that
the increase in the number of QWs from 10-20 leads to the increment in
conversion efficiency from 4.28 to 4.89%. The analytical model
described, and the corresponding results analysed here can be used as
the suitable model for estimating the performance parameters of

MQWSC consisting of various material system.

An analytical and simulation study has been presented for the
CdZn0O/ZnO-based MQWSC with CdZnO/ZnO as the intrinsic layer,
SZO as p-type layer and GZO as n-type layer of the p-i-n solar cell. The
study of the device performance parameters with temperature shown a
negative temperature coefficient of Vo, and positive temperature
coefficient of both Jic and # i.e. -2.63x10-3 mV/°C, 2.43x10-3
mA/cm2.°C and 2.91x10-3 %/°C, respectively. Approximately, 14%
increment in the conversion efficiency of MQWSC is observed as the
temperature increases from 220 to 380 K. This work suggests, that
CdzZnO/ZnO MQWSCs can be efficiently utilized in concentrator
photovoltaic applications, where positive temperature coefficient of 1) is
crucial. An increase in the number of QWs from 3 to 19 leads to the
decrement in the performance parameters of MQWSC. This study
significantly explores the possibility of efficient absorption of high
energy photons and probability of positive temperature coefficient of n

utilizing a low-cost ZnO-based MQWSC.

The change in solar irradiance, | leads to the change in all performance
parameters of MQWSC. Approximately, 6% increase is observed in the
n of MQWSC, as I increases from 10 to 5000 mW/cm?. This study
considerably explores the likelihood of efficient absorption of short
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wavelength photons and improving n of MQWSC by using

concentrator.
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Chapter 5

Thin film deposition and characterization

techniques

In this chapter, the deposition system and the various characterization
technique utilized for the thin films are discussed briefly. The detailed
description regarding the substrate selection and its cleaning procedure,
is also discussed. The single step processes to deposit thin films under
vacuum have attracted a lot of attention, as these technique not only
suitable for uniform high quality thin film with precise composition but
also used for large-scale production [1]. The CdZnO/ZnO-based MQWs
are deposited using the single target of CdZnO and ZnO each by
utilizing DIBS system. The optical properties, depth profile, elemental
interdifussion and MQW periodicity of the deposited thin films have
been observed by different characterization techniques. The optical
properties of the thin films have been characterized by the spectroscopic
ellipsometry (SE). The depth profile and elemental interdifussion has
been characterized by Secondary lon Mass Spectroscopy (SIMS). The
MQW periodicity has been detected by High-Resolution Transmission
Electron Microscopy (HRTEM).

5.1. Substrate selection and its cleaning procedure

Although the quality of the deposited thin film depends on the
deposition technique, yet the nature and surface condition of the
substrate plays vital role for high quality thin film growth. Some desired
properties of the substrate are a) low surface roughness, (b) low
chemical reactivity, and (c) good mechanical strength. The choice of
substrate selection is depends on the application type, cost, process, and
packaging of the device. Silicon and corning glass are the substrate used
in this thesis work for the deposition of thin films. Contamination
present at the substrate surface affects the film purity and their adhesion

to the substrates, therefore, it is necessary to clean the substrate properly
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before the deposition of the sensing film. Depending on the type of

substrate and type of contaminants may present on the substrate an

appropriate cleaning procedure were followed to clean the substrates.

5.1.1

Silicon substrate cleaning procedure

In this thesis work, the following steps were employed to clean the Si

substrates.
» Remove dust using pipette like blower before cleaning the
substrates.
» Ultrasonic cleaning in diluted TCE solution to remove any
fingerprints on the wafer or any other heavy residue on the wafer.
» Rinse with DI water to remove any TCE remaining.
» Ultrasonic cleaning in acetone to remove the organic
remnants/contaminants from the wafers.
» Rinse with DI water to remove any acetone remaining.
» Ultrasonic cleaning in diluted isopropanol solution for
dissolving non-polar contaminants which are left on the wafers.
» Rinse with DI water to remove any isopropanol remaining.
» Dip in HF solution to remove native silicon dioxide from wafers.
> Rinse with DI water.
» Purge with high purity nitrogen gas to remove any water
remaining on the substrate.
5.1.2 Glass substrate cleaning procedure

In this thesis work, the following steps were employed to clean the glass

substrates.

>

Ultrasonic cleaning with methanol to remove any fingerprints,
or oil contamination.

Rinse with DI water to remove any soap remaining.

Ultrasonic cleaning in acetone to remove tiny dust particles on
the surface through agitation.

Rinse with DI water to remove any acetone remaining.
Ultrasonic cleaning in diluted isopropanol solution for
dissolving non-polar contaminants which are left on the wafers.

Rinse with DI water and blow off the water-droplets.

78



» Purge with high purity nitrogen gas to remove any water

remaining on the substrate.
5.2. Deposition Equipment

In this thesis work, physical vapour deposition methods are employed
for the deposition of thin films and contacts formation. Dual ion beam
sputtering (DIBS) system is used for the thin film deposition and direct
current (DC) magnetron sputtering is used for the contact formation on

the device.
5.2.1 DIBS system

The DIBS system is used for the deposition of multiple thin films for the
formation of MQW structure. The DIBS System is based on physical
vapour deposition technique utilized for deposition of thin films for
various electronics and optoelectronics devices, such as light-emitting
diode (LED), photodetector, and photovoltaic in ultrahigh vacuum
conditions [2]-[4]. The DIBS system is incredible when it comes to
realize high-quality thin films with precise element composition,
superior film adhesion to the substrate, diminished surface roughness,
and the provision of in situ precleaning of substrates prior to film
deposition [5]. The DIBS system also offers the advantage of uniform
deposition on a large area, and thus, it can be helpful in realization of

large-area photovoltaic cell.

The advantages of the DIBS system comes from the two ion sources: (1)
depositing source or primary ion source and (2) assist source or
secondary ion source [4]. The schematic of the deposition chamber
(DPC) and photographic image of DIBS system are shown in Figure 5.1

and 5.2, respectively.

The primary ion source is used to sputter materials from a target to
deposit it on the substrate. In the DIBS system, four different targets at
a time can be mounted on a rotating and water-cooled target assembly,
and an appropriate target can be selected for the depostion of thin film.
The secondary ion source which is directed towards the substrate holder

assembly is used to pre-clean (etch) the substrate surface before the start
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of thin film deposition process and also to remove any island formation
during the deposition process. The angle of 45° is fixed between the
target assembly and primary ion source while the angle of 60° is
maintained between the substrate holder assembly and assist ion source.
The inside assembly of the DPC is shown in Figure 5.1.

—— Heating assembly

_ Substrate

< '”““l Holder

Crystal Moniter

Deposition

Source

e

Figure 5.1  Schematic diagram of Dual lon Beam Sputtering System.

There are two chamber in the DIBS: (1) deposition chamber (DPC) and
(2) load lock chamber (LLC). The deposition process is performed in
DPC, while the LLC is simply used for loading and unloading the
sample from the DPC such that there is no need to vent the DPC every
time sample has to be loaded or unloaded. Gate valve is used to separate
both chambers. Two separate turbo pumps with the backing by separate
rotary pumps maintain the vacuum in both DPC and LLC by rotating at
27 and 51 KRPM respectively. The vacuum gauges are connected to the
DPC and LLC to measure and monitor the vacuum level at background
and working conditions. The background pressure is maintained at ~10
8 mbar inside both the DPC and LLC. The DPC is manufactured from
Stainless steel or Pyrex glass material because these materials are non-
magnetic, easy to repair via welding, non-corrosive and highly
malleable features [3]. The substrate holder is placed just below the
heater assembly so that desired temperature value is maintained, which
ranges from room temperature to 1000 °C during the annealing as well
as deposition processes. The water chiller is associated with the system

to cool down the deposition chamber, vacuum pumps and target
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assembly. Deposition parameters in DIBS system, i.e. gas pressure, gas
composition, deposition temperature, and RF power are controlled by
auto controller and various power supply unit associated with the DIBS

system.

Figure 5.2  Photographic image of Dual lon Beam Sputtering
System.

In DIBS system, plasma of Ar* ion and electron is generated using ion
sources made by Kauffman Robinson [2]. The primary ion source which
is used to generate plasma, consist of three key parts: discharge chamber,
grids and hollow-cathode neutralizer. The Ar gas, which is to be ionized
utilizing inductive coupling is inserted into alumina or quartz chamber
encircled with an RF powered coil. The free electrons are excited by RF
field until they have sufficient energy to create Ar* and electron pair out
of Ar gas. The voltages are applied on three-grids inside primary source
to eject and focus the Ar* ions. The neutralizer of the primary ion source
assembly is used to neutralize the Ar* beam [2]. The schematic diagram

of primary ion source is shown in Figure 5.3.
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Figure 5.3  Schematic diagram of primary ion beam source.

The assist ion source consists of auto controller along with three power
supplies i.e. keeper, emission and discharge power supplies, and hollow-
cathode neutralizer assembly as shown in Figure 5.4. The keeper power
supply ignite the hollow cathode and keep the cathode hot enough for
thermionic emission of electrons. The emission voltage provide negative
voltage and govern the electron current produced from the hollow
cathode. The discharge power supply offers voltage and current to the

anode of the assist ion source to produce the Ar* ion beam [3].
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Figure 5.4  Schematic diagram of assist ion source.
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In this research work, the deposition of CdZnO/ZnO-based MQW is
performed by Electtrorava DIBS system [3, 4].

5.2.2 DC Magnetron Sputtering

Sputtering is a technique used to deposit thin films and is classified as
physical vapours deposition (PVVD) method. Main principle relies on the
bombardment of highly energetic ionized gas on the target material
causing atoms to sputter off into the plasma. These vaporized atoms are
then deposited when they condense as a thin film on the substrate to be
coated. DC Sputtering is the most basic and inexpensive type of
sputtering for PVD metal deposition and electrically conductive target
coating materials. Depending on the working principle and application
type there are mainly four types of sputtering techniques are present.
These are (1) DC/RF sputtering, (2) magnetron sputtering, (3) reactive
sputtering, and (4) ion-beam sputtering. However, currently most
complex version of sputtering is DC magnetron sputtering technique and

it is used to deposit conducting thin films from a conducting target.
DC magnetron sputtering system consist of following components:

e Main stainless steel chamber

e Load lock chamber

e Robotic arm

e DC power supply

e Substrate holder (anode)

e Heater assembly

e Temperature reader

e Target (magnetron cathode)

e Gasinlets

e Vacuum pump

e Pressure gauge

e |on gauge

e Water chiller and other parameter controlling unit
A photographic image of DC magnetic sputtering is shown in Figure

5.5. A two inch diameter target is used inside the DC magnetron
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sputtering gun. Target to substrate distance is also adjustable in order to
achieve desired uniformity and deposition rate. The system is equipped
with load lock to ensure high vacuum is not disturbed during sample
loading into the chamber. The system is pumped with a turbo molecular
pump to achieve vacuum of 10°® mbar. The base pressure is monitored
by ion gauge and pressure during deposition is monitored by capacitive
nanometer. Initially, cleaned substrate is placed into substrate holder.
Then, substrate holder is placed face down into the load lock onto the
robotic arm. Load lock is pump down and substrate holder is transferred
to the column connected to the heater assembly. Robotic arm is
withdrawn and gate valve is closed. After that chamber is filled with the
high purity inert gas usually argon gas and its flow rate is controlled by

mass flow controllers.

Figure 5.5  Photographic image of the DC magnetron sputtering.

A DC having high negative potential is applied across the target material
I.e. it acts as cathode. A positive supply is applied to the substrate to be
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coated behaving as anode. The argon gas is first ionized by forceful
collision of the gas with the surface of negatively charged target, which
ejects atom of the target material into the plasma. Then this plasma with
the target material atoms driven to the substrate which is positively
charged, therefore attracting the plasma and vaporised target atoms

condense and form a thin film coating on the substrate.

DC magnetron sputtering system uses magnet behind the target to trap
electrons so that they are not free to hit the substrate and thus allowing
higher deposition rates. This also enhances both the efficiency of the
initial ionization process and allowing a plasma to be generated at lower
pressures which reduces background gas incorporation in the depositing

film.

In this thesis work, metal deposition is performed using this technique

for the formation of back as well as front contacts on the device.
5.3. Characterization Techniques

The instruments used for the characterization of thin films and MQW
structure fabricated in this research work are demonstrated briefly in

following sections.

5.3.1 Variable Angle Spectroscopic Ellipsometry Measurement

System

Spectroscopic Ellipsometry (SE) is a non-destructive optical technique
in which a beam of polarized light is incident on the thin film to be
characterized. It has been used to analyze the thickness and optical
properties of thin films by determining the variation in polarization of
light as it reflects or transmits from thin film [6, 7]. The optical
properties i.e. complex refractive index (complex dielectric function) of
the any material determine how the light interacts with it. The complex

refractive index (fi) consists of index (n) and extinction coefficient (k):
n=n+k (5.1)

The change in polarization of the reflected or transmitted light in
comparison to incident light is acquired in the form of an amplitude

ratio, Psi (%), and the phase difference, (4), which depends on optical
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properties, thickness and roughness of individual materials. Thereafter,
a suitable model allows the precise extraction of optical properties,

thickness and roughness of thin film.

The polarization of incident light is composed of p- and s- components
(s- component is oscillating perpendicular to the plane of incidence and
p- component is oscillating parallel to the plane of incidence). The
amplitude and phase of both p- and s- polarized component of incident
light changes after reflection or transmission from the thin film. The
ratio of reflectivity of p-polarized light to that of s-polarized light gives

the change in polarization state, and is given by:

e :
p=-L=tanye® (5.2)

Ts

where rp and rs are the amplitude of the p- and s- polarized component
of reflected light normalized to their incident light, respectively, tan( )
represents the ratio of the amplitude and A represents the phase

difference between s- and p-polarized light.

The angle of incidence is selected based Brewster angle of the material
whose thin film is formed, this is done to ensure a maximal difference

in rp and rs of the polarized component of reflected light.

Figure 5.6  Photographic image of Variable Angle Spectroscopic

Ellipsometry system.
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The primary components of the ellipsometry system are a light source,
polarization generator, sample, polarization analyzer, and detector [6].
In this research work, the thickness and energy bandgap of thin films are
measured by M-2000D J. A. Woollam Variable Angle Variable
Wavelength  Spectroscopic  Ellipsometer. In this system, the
measurement can be performed at different angles for the wavelength
range of 200-1000 nm. The photographic image of Variable Angle
Spectroscopic Ellipsometer is shown in Figure 5.6.

5.3.2 Secondary lon Mass Spectroscopy Measurement System

Secondary lon Mass Spectroscopy (SIMS) is used for depth profiling of
constituents elements in the deposited/ grown structure. Photographic
image of the SIMS workstation is given in Figure 5.7. The
deposited/grown structure is sputtered with a primary ion beam of O2*
or Cs™ while secondary ions formed of the constituents elements of the
deposited/grown films during sputtering are extracted and analysed

using a mass spectroscopy.

L

Figure 5.7  Photographic image of SIMS system.

The plot of secondary ions versus time is obtained using this technique,
which contains information of depth profiling of constituents elements
in the deposited/ grown structure. The time axis can be converted to
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depth axis by knowing the total thickness of the films deposited
assuming the constant sputtering rate. It is a destructive technique since
the etching of the deposited/grown materials by sputtering leads to crater
in the sample.

In this research work, Hiden SIMS workstation is used for knowing the
depth profile of the fabricated MQW structure. It is equipped with two
ion guns O2" and Cs*, both the guns can be operated in the energy range
of 0.5 to 5 keV. A quadrupole SIMS analyser provides an opportunity
to measure SIMS depth profiles in the mass range 1-1000 amu with a
maximum counts up to 107. In this work, O of energy 5 eV is used at
an incidence angle of 45° with a background pressure of 1 x 10! mbar.
But the working pressure during the SIMS measurement is 1 x 107 due

to inflation of O.* [5].

5.3.3 High-Resolution  Transmission Electron  Microscopy

Measurement System

TEM technique utilizes high energetic electrons to provide
compositional, morphological and crystallographic information of the
thin film with which the electron interacted and can also provide the
interface information if cross sectional TEM is performed. The primary
components of the TEM is composed of an electron gun, an objective
lens system, a condenser lens system, a magnification system, and the
data recording system. In this technique, first the beam of electrons is
focused on the thin film by the set of condenser lens and then the beam
of electrons after interacting with the thin film is collected by an
objective lens system which form the image of the thin film and
determines the image resolution limit. Finally, the magnification system
magnify the obtained image and projects it on a phosphorous screen or
a charge coupled device (CCD) [8].

In TEM, either a thermal emission (CTEM) or field emission (HRTEM)
electron gun is used to generate high energy (80-300 keV) electrons
which are then accelerated (at a speed of light) and focused by several
electromagnet lenses towards an ultra-thin specimen in an ultra-high

vacuum column chamber. When these highly energized electrons strikes
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with the specimen, part of these electrons (elastically scattered electron,
inelastically scattered electron, and unscattered electron) are transmitted
through the specimen depending on the specimen thickness and density.
Then, the transmitted unscattered electrons are focused by the objective
lens onto a phosphor screen or CCD camera to produce the image of the
internal structure of the crystal. Figure 5.8 illustrates the schematic of

working principle of the TEM operation.

Electron Gun

EE—— L

Condenser
Lenses

STEM Scan coils

Objective
Lens

Projector
Lenses

Fluorescent Screen

Magnetic
Prism

' CCD Camera

Figure 5.8  Schematic of the TEM working principle.
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Figure 5.9  Photographic image of HRTEM system.

High-resolution transmission electron microscopy (HRTEM) gives
structural information at the atomic size level, and therefore become
very significant for interface analysis by performing cross-sectional
HRTEM. The photographic image of HRTEM is shown in Figure 5.9.
The resolution in phase contrast HRTEM is 0.05 nm and therefore
individual atoms of a crystal and its defects can be resolved. The
interface studies of oxide-semiconductor, metal-semiconductor, and
semiconductor-semiconductor can be performed from HRTEM. In
HRTEM, an interference image of the thin film under measurement is
created using both the transmitted as well as the scattered electrons
beams. As, phase contrast image is obtained, therefore, its size can be as
small as the unit cell of the crystal. In this case, during propagation of
modulated electron waves through the objective lens they interfere with
themself at very low angles. All electrons that emerges from the thin
films are combined at a point in the image plane. HRTEM has been
widely used for investigating the crystal structures and lattice

imperfections in the deposited/grown thin films with the resolution of
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an atomic scale. It can also be used for the getting the information of
point defects, dislocations, stacking faults, surface structures and

precipitates grain boundaries [8].

In this research work, the quality of interfaces in CdZnO/ZnO-based
MQW structure are studied by cross-sectional HRTEM using HRTEM:
JEOL JEM-2010 operated at 200 kV [5].

5.3.4 Energy-dispersive X-Ray Spectroscopy
Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a chemical

microanalysis technique used in conjunction with scanning electron
microscopy (SEM). The actual image of this EDX system is shown in
Figure 5.10. The EDX technique detects X-Rays emitted from the
sample during the bombardment by an electron beam to characterize the
elemental composition of the analyzed volume. Features or phases as

small as 1 um or less can be analyzed [9].

Figure 5.10 Photographic image of FESEM and EDX, Zeiss Supra
55.

When the sample is bombarded by the SEM's electron beam, electrons
are ejected from the atoms comprising the sample's surface. The
resulting electron vacancies are filled by electrons from a higher state,

and an X-Ray is emitted to balance the energy difference between the
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two electrons' states. The X-Ray energy is characteristic of the element
from which it has been emitted.

The EDX X-Ray detector measures the relative abundance of emitted
X-Rays versus their energy. The detector is typically lithium-drifted
silicon, solid-state device. When an incident X-Ray strikes the detector,
it creates a charge pulse that is proportional to the energy of the X-Ray.
The charge pulse is converted to a voltage pulse (which remains
proportional to the X-Ray energy) by a charge-sensitive preamplifier.
The signal is then sent to a multichannel analyzer where the pulses are
sorted by voltage. The energy, as determined by the voltage
measurement, for each incident X-Ray is sent to a computer for display
and further data evaluation. The spectrum of X-Ray energy versus
counts is evaluated to determine the elemental composition of the
sampled volume. Quantitative results can be obtained from the relative
X-Ray counts at the characteristic energy levels for the sample
constituents [9].

In this research work, the composition of different elements in
CDZn0/Zn0O-based MQW structure is characterized using energy
dispersive X-Ray (EDX, Zeiss Supra 55).

5.3.5 Field Emission Scanning Electron Microscopy

Field emission scanning electron microscope (FESEM) is commonly
used for analyzing morphological properties of the sample under
observation. Figure 5.10 show the actual image of this FESEM system.
FESEM is considered as a very powerful microscopic technique which
provides 100000 times magnified image of the sample [10]. The FESEM
mainly involves four components: (a) an electron source known as
electron gun, (b) an electron condenser lens which controls the size of
the electron beam, (c) XY defection coils to move the electron beam in
a controlled fashion, and (d) the electron detectors. All components are
fixed in a chamber, and this whole chamber is kept under ultra-high
vacuum conditions. In FESEM system, a different type of electron
source called Field Emission Gun is used for very high magnification.

In this system, the source is not heated by the current; instead, an electric
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field is used to obtain the electrons from the source, which is a very
sharp tungsten crystal or zirconium oxide. Here, the electrons have

energy in the range of 1-40 KeV [10].

When the electron beam falls on the sample, it interacts with the atoms
and the electron is slowed down due to strong elastic scattering. The
atoms absorb the energy and get ionized. Some of the electrons from the
sample atoms are released. These are called ‘secondary electrons’. They
usually have lower energy (< 50 eV) compared to the primary electrons
from the electron gun. When the electron beam falls on the surface of
sample, the electrons are scattered, and the beam diameter increases.
Hence, in the beginning, it spreads like a cone and the area below the
surface also is probed. The beam energy decreases as it goes deeper
inside the sample. The number of secondary electrons produced also
decreases. Besides, the electrons from the surface easily escape and
arrive at the detector. The electrons from the bottom may be captured by
other atoms before they escape to the surface. Hence only fewer
secondary electrons from the trough come to the detector. Overall, the
secondary electrons at the detector are essentially produced at the top of
the surface. These secondary electrons are used to present the
morphology and topography of the sample. The detector of instruments
count the number of e-interactions and display to the screen whose
intensity is determined by this number, producing the FESEM image
[10, 11].

A ZEISS Suprab5 FESEM system was used to observe the surface
morphologies of the CdZnO thin films.
5.3.6 X-Ray Diffraction Measurement

X-Ray diffraction (XRD) is an important technique to examine the
crystallinity, phase, strain, and preferred orientation, etc. of samples
[12]. A collimated beam of X-Rays is incident on a sample and
diffracted by the crystalline phases in the sample according to Bragg’s

law such that:

nld = 2d sin 6 (5.3)
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Where A is the wavelength of the incident X-Ray beam, d is the inter-
plane separation of lattice between atomic planes in the crystalline
phase, 0 is the angle between atomic planes and the incident X-Rays

beam. Where n is an integer that represents the interference order.

Figure 5.11 Basic principle of XRD diffraction.

Figure 5.12 Photographic image of Bruker D8 Advance X-rays

diffractometer.

The intensity of the diffracted X-Rays is measured as a function of the
diffraction angle 20. This diffraction pattern is used to identify the
sample crystal orientation [12]. It is well known that atoms of a pure
solid are arranged in a regular periodic pattern called ‘lattice.” The inter-
atomic distance and interaction of atoms in any crystalline lattice is

unique and results in a unique XRD pattern to identify its crystal
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structure. The XRD patterns include peak position and intensity of the
diffracted beam, which provides a variety of information about the

samples.

In this research work, the crystal structure of CdZnO thin films are
characterized using Rigaku SmartLab, Automated Multipurpose X-Ray
Diffractometer equipped with a copper target (Cu-Ka) to generate the
incident X-Rays of wavelength A = 0.154178 nm for the diffraction
measurement in Bragg Brentano configuration. The actual image of this
XRD system is shown in Figure 5.12.

5.3.7 Solar Cell Testers system

Solar cell tester is basically an integrated system combining solar
simulator and I-V measurement system. The photographic image of the
solar tester is shown in Figure 5.13. The various units of the solar cell
tester are briefly explained here:

(a) Sample Placement and Connection Stage: Sample is placed on the
chuck shown in the Figure 5.13. And thereafter connection to the
solar cell under measurement is made with the help of adjustable
pins. The sample placed on the chuck is hold on to it tightly by
switching on the vacuum button.

(b) Temperature and Vacuum Controller Unit: As operation temperature
has significant impact on the solar cell performance, therefore its
analysis is very important. And this system provide the facility of
varying the temperature of the device under measurement. The
sample placed on the chuck is hold on to it tightly by switching on
the vacuum button.

(c) Intensity Controller Unit: As in real-world applications, the SCs are
operated in non-STC, i.e., solar irradiance level varies with
geographical location, weather conditions, and time in a day,
analysis of solar cell under different solar irradiance is of utmost
important and can be performed in the solar simulator.

(d) Measurement System: Keithley is used for measuring -V

Characteristics of the Cell in dark and light condition.
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Figure 5.13 Photographic image of Solar cell tester system.

Some of the salient features of the Solar cell testers are [13]:

(a) Fully integrated and automated system with computer control.

(b) Light intensity measurement and feedback control for stability.

(c) Flexible cell test fixture configurations, including optional cell
temperature control (10°C to 70°C £0.5°C or better).

(d) True four-probe cell contacting technique.

(e) Temperature controlled chuck with vacuum hold.

(F) Intensity measurement and temperature measurement with the
ability to normalize the data points to Standard Test Conditions
(STC) or other user specified conditions.

(9) Advanced I-V curve software, including powerful curve fitting
algorithms, with 3 different curve fitting models and 17 different
weight function models.

(h) Ability to determine Thermal Coefficients of various cell

parameters.

Some of the technical specifications of solar cell tester are listed in Table
5.1.

Table 5.1: Technical specifications of solar cell tester

Feature description Specification
Type of lamp Xenon Short Arc
Lamp Power 150 W
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Max. Illuminated area 2” (50 mm) x 2” (50 mm)

Air Mass AM1.5G Standard: AM1.5D or
AM1 optional

Adjustment Range of light | 100 mW/cm? +/- 15%

intensity

Spectral Range 350 nm - >2,700 nm

Spatial ~ Non-uniformity  of | <2% or better

irradiance*
Degree of Collimation < 2 degrees
Phase/Voltage/Frequency Single Phase/110-220 AC Volts

/50-60 Hz

Max. Power Consumption (W) 0.5 KVA

A solar cell tester is the instrument which is used to measure I-V and P-
V characteristic of the solar cell under dark and illuminated condition.
From these characteristics obtained, it directly provides the performance
parameters such as short-circuit current, open-circuit voltage, fill factor,
maximum peak power, voltage and current corresponding to maximum
power, shunt and series resistance and conversion efficiency. In this
system, various AM filters can be used to measure solar cell

performance for different applications.
5.4. References

[1] V. Garg, B. S. Sengar, V. Awasthi, and P. Sharma, “RSC Advances
Localized surface plasmon resonance on Au nanoparticles : tuning
and exploitation for performance enhancement in ultrathin
photovoltaics,” RSC Advances, vol. 6, pp. 26216-26226, 2016.

[2] H.R. Kaufman, R. S. Robinson, and R. I. Seddon, “End-Hall ion
source,” Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films, vol. 5, no. 4, pp. 2081-2084, 1987.

[3] F.Quaranta, A. Valentini, F. R. Rizzi, and G. Casamassima, “Dual-

ion-beam sputter deposition of ZnO films,” Journal of Applied

97




[4]

[5]

[6]

[7]

[8]

[9]

Physics, vol. 74, no. 1, pp. 244-248, 1993.
V. Awasthi, S. K. Pandey, S. Kumar, C. Mukherjee, M. Gupta, and

S. Mukherjee, “Evaluation of the band alignment and valence
plasmonic  features of a DIBS grown Ga-doped
Mgo.05Zn0.9s0/CIGSe heterojunction by photoelectron
spectroscopy,” Journal of Physics D: Applied Physics, vol. 48, no.
48, p. 485305, 2015.

G. Siddharth, R. Singh, V. Garg, B. S. Sengar, M. Das, B. Mandal,
M. T. Htay, M. Gupta, and S. Mukherjee, “Investigation of DIBS-
Deposited CdZnO/ZnO-Based Multiple Quantum Well for Large-
Area Photovoltaic Application,” IEEE Transactions on Electron
Devices, vol. 67, no. 12, pp.5587-5592, 2020.

L. Arsov, M. Ramasubramanian, and B. N. Popov, “Ellipsometry,”
Characterization of Materials, Hoboken, NJ, USA: John Wiley &
Sons, Incorporation, pp. 1-11, 2012.

P. Sharma, Aaryashree, V. Garg, and S. Mukherjee,
“Optoelectronic properties of phosphorus doped p-type ZnO films
grown by dual ion beam sputtering,” Journal of Applied Physics,
vol. 121, no. 22, p. 225306, 2017.

J. M. Howe, B. Fultz, and S. Miao, “Transmission Electron
Microscopy,” Characterization of Materials, Hoboken, NJ, USA:
John Wiley & Sons, Incorporation, pp. 1-46, 2012.

S. T. D. Ellingham, T. J. U. Thompson, and M. Islam, “Scanning
Electron Microscopy-Energy-Dispersive X-Ray (SEM/EDX): A
Rapid Diagnostic Tool to Aid the Identification of Burnt Bone and
Contested Cremains,” Journal of forensic sciences, vol. 63, no. 2,

pp. 504-510, 2018.

[10] L. Reimer, “Scanning Electron Microscopy: Physics of Image

Formation and Microanalysis, Second Edition,” Measurement

Science and Technology, vol. 11, no. 12, pp. 1826-1826, 2000.

[11] B. Bhushan and O. Marti, “Scanning Probe Microscopy-Principle

of Operation, Instrumentation, and Probes,” Springer Handbook of

98



Nanotechnology, Berlin, Heidelberg: Springer Berlin Heidelberg,
pp. 573-617, 2010.

[12] H. Kim, C. M. Gilmore, A. Piqué, J. S. Horwitz, H. Mattoussi, H.
Murata, Z. H. Kafafi, and D. B. Chrisey, “Electrical, optical, and
structural properties of indium—tin—oxide thin films for organic
light-emitting devices,” Journal of Applied Physics, vol. 86, no. 11,
pp. 6451-6461, 1999.

[13] “Solar Cell Testers: Photo Emission Technology,” [Online].

Available: http://www.photoemission.com/celltesters.html.

99



100



Chapter 6

Analysis of DIBS deposited MQW for

photovoltaic application

6.1. Introduction

The multiple quantum wells (MQWSs) structures have gained significant
interest for their potential applications in optoelectronic devices such as
photodetector, light emitting diode, and photovoltaic [1-3]. It is because
MQW based devices have greater thermal stability as compared to that
of conventional devices, as they are driven by thermally activated
carriers escaped from quantum wells and is commonly termed as carrier
transport mechanism [4]. MQWs insertion in the p-i-n solar cell (SC)
leads to the enrichment of the performance parameters by independently
controlling and optimizing both the current and voltage performance
parameters. The devices containing MQW structure in an active region
demands for high depth resolution to resolve the individual barrier and
well layers. For this reason, secondary ion mass spectrometry (SIMS) is
widely used for measuring constituent elements profiles in deposited
structure [5].

The ZnO-based semiconductors recently got much attention due to its
wide range of optoelectronic, energy, and photovoltaic applications
because of its wide bandgap, large excitonic binding energy, high
breakdown strength etc. [2, 6-9]. Our group has effectively established
dual ion beam sputtering (DIBS)-grown CdZnO/ZnO MQWs for light
emitting diode (LED) [2] and MgZnO/CdZnO potential well for
heterostructure field effect transistor (HFET) application displaying
strong two-dimensional electron gas density (2DEG) [10, 11]. CdZnO
as a material offers a pronounced prospect in photovoltaic devices
because it covers ultraviolet-visible region of the solar spectrum as its
energy bandgap can be varied from 2.2 to 3.37 eV [2] by manoeuvring

Cd/Zn ratio. However, till date, there are no reports in the literature on
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the experimental implementation of CdZnO/ZnO-based MQWs for
photovoltaic application.

In the present study, the DIBS system is used for the deposition of
CdZn0O/ZnO-based MQWs by using a single target of CdZnO and ZnO
each during film deposition process. For the first time, the CdZnO/ZnO-
based MQWs are fabricated by using DIBS system. The DIBS system
is incredible when it comes to realize high-quality thin films with precise
element composition and outstanding uniformity throughout the
substrate and superior film adhesion to the substrate. Apart from this,
other perceptible features of the DIBS system are diminished surface
roughness and the provision of in-situ pre-cleaning of substrates prior to
film deposition using assist ion source [12]. In DIBS system, the
temperature of the substrate can be varied from room temperature to
1000 °C and the ambience of the film deposition can also be varied, so
that quality deposition of thin films can be achieved of various materials.
The DIBS system also offers advantage of uniform deposition on a large
area, and thus, it can be helpful in realization of large area photovoltaic
cell. The MQW structures are examined using the SIMS and high-
resolution transmission electron microscopy (HRTEM) techniques to
investigate its depth profile at high resolution and collect the information
on elements inter-diffusion. This work explore into the possibility of
developing CdZnO/ZnO-based MQWs structure, that can be further
utilized in the solar cell application to improve the performance
parameters associated with it.

6.2. Experimental

The CdZnO/ZnO-based MQW structure is deposited on silicon
substrates using the DIBS system attached with radio frequency (RF)
primary ion source. In addition to the primary ion source, the DIBS
system also consists of a direct-current coupled (DC) assist ion source
to reduce columnar growth and thereby boost film adhesion and
deposition uniformity. Prior to the MQW deposition process, the
substrates (1.2x1.2 cm?) are ultrasonically cleaned in trichloroethane,

acetone, isopropanol, and deionized water successively for 15 min each,
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in order to remove the adventitious dust particles and organic
contaminations. The substrates are then purged with the nitrogen gas (5-
N-purity). After placing the substrates into the DIBS chamber, pre-
cleaning is performed by Ar* ion bombardment using assist ion source
for 10 min. to further clean the substrate to remove any kind of native

oxide formation over Si before the deposition of the device.

A schematic representation of the fabricated MQW structure is depicted
in Figure 6.1. The film deposition is carried out using a 4-N-pure and 4-
inch-diameter 15 at.% Cd-doped ZnO and ZnO targets mounted on
water-cooled target holder inside the DIBS system chamber [13]. The
background pressure inside the process chamber is maintained at 1x10"
8 mbar while the working pressure during film deposition is 1x10™
mbar. The discharge voltage and current of the assist ion source are kept
constant at 70 V and 600 mA, respectively, with 5 sccm of Ar flow rate

at the film deposition time.

Well

Barrier

MQWs
(CAZnO/Zn0)

Buffer Layer (ZnO 80 nm) Deposition of Layer 2 /

\
Substrate (Si (111)) Time cessation is basically Time Gap
between Deposition of 2 layers

Deposition of Layer 1 /
\

Figure 6.1  Schematic of MQW structure.

For the optimization of the films, different deposition conditions are

used and the steps followed are as follows:

Step 1: Beam power of RF ion source is varied: (a) 44 W (b) 14 W,
represented by B4 and B1, respectively.

Step 2: Substrate temperatures 100, 200, and 300 °C are used during
deposition and they are represented by T1, T2, and T3, respectively.

Step 3: Barrier layer thickness values of 15, 20, 25, and 30 nm are used

and they are represented by L15, L20, L25, and L30, respectively.
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Step 4: Time cessations of 2, 30, and 45 min are used between the
depositions of successive layers and they are represented by C2, C30,

and C45, respectively.

As per the above steps of optimization, 9 different samples of MQWs
structure are fabricated and represented as shown in the Table 6.1.

Table 6.1: Samples representation

Sample No. | Represented by | Sample No. | Represented by
1 B4T3L15C2 6 B1T1L20C30
2 B1T3L15C2 7 B1T1L25C30
3 B1T2L15C2 8 B1T1L30C30
4 B1T1L15C2 9 B1T1L20C45
5 B1T1L15C30

Table 6.2: Samples deposition condition used for SIMS and HRTEM

analysis
Deposition Conditions
Sample Beam Substrate Time Barrier layer
No. Power Temperature | cessation thickness
(W) (0 (min) (hm)
1 44 300 2 15
2-4 14 300, 200, 100 2 15
5-8 14 100 30 15, 20, 25, 30
9 14 100 45 20

In Table 6.2, the deposition conditions are listed for the samples
represented in Table 6.1. From Figure 6.1, it can be seen that a buffer
layer of ZnO material is deposited on silicon substrate before the actual
fabrication of the MQWs structure. This is just introduced to reduce the
lattice strain and stress on the MQWSs structure due to lattice mismatch

between silicon and ZnO. The thickness of buffer layer (80 nm) and well
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layer (10 nm) is kept constant for all the samples. Before actual
fabrication of the MQW structure, the individual film deposition rates
are assessed from the thickness determination by spectroscopy
ellipsometry (SE).

The crystalline phase and crystal orientations of CdZnO thin films are
determined by X-Ray diffraction (XRD) using Rigaku Smart Lab
system with Cu-Ko radiation (A = 1.54 A). And the morphology of the
thin films is examined using the field emission scanning electron
microscope (FESEM, Zeiss Supra 55). Following the MQW structure
fabrication, the element depth profiling of the samples is carried out by
Hiden SIMS workstation. The oxygen ion gun of energy 5 keV is used
at an incidence angle of 45°, with a background pressure of 1x1071!
mbar. The working pressure during SIMS measurements is ~1x10%
mbar due to inflating of oxygen gas. Further, the samples are studied by
cross-sectional HRTEM using HRTEM: JEOL JEM-2010 operated at
200 kV. To calculate the energy band of the CdZnO and ZnO thin films
and also to determine the deposition rate of the thin films, a SE

instrument is used, provided by J.A. Woolam Co. Inc.
6.3. Results and discussion

6.3.1 Structural and Morphological properties

Most of the characterization of the individual thin-films involved in
MQW structure formation i.e. CdZnO and ZnO has been already
performed in our earlier work [13-15]. Here, structural and
morphological studies are carried out for the CdZnO thin film.

XRD patterns of CdZnO thin films deposited at various substrate
temperature are depicted in Figure 6.2. From the figure, the diffraction
peaks of all the thin films can be indexed to c-axis (002) lattice plane at
20 value of 34°, which is associated with hexagonal wurtzite structure.
No other peaks except that of silicon (100) at 26 value of 69° is identified
in the XRD measurement, which is used as substrate for the thin film
deposition. As substrate temperature is decreased from 300 to 100 °C,

the diffraction peak intensity of (002) peak increased consistently with
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the reduction of full width half maximum (FWHM) as shown in Table
6.3, indicating an improvement of (002) crystal orientation. As, can be
seen with increasing temperature, the peak intensity as well as crystallite
size reduces, therefore no further increase in temperature above 300°C
is performed for film deposition. However, substrate temperature is
neither decreased below 100 °C, so as not degrade the adhesion of the

thin film with substrate.
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Figure 6.2  XRD pattern of CdZnO thin films deposited at various

substrate temperature.

Table 6.3: FWHM and Crystallite size of CdZnO thin films deposited at

various substrate temperature

Substrate
100 200 300
Temperature (°C)
FWHM (degree) 0.29 0.47 0.51
Crystallite Size (nm) 33.11 20.34 18.86

The crystallite size (D) in these films can be evaluated using Scherrer’s
formula [16]:

k*A

= (6.1)
FWHM = cos 8

D
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where Kk is Scherrer’s constant, A is X-ray wavelength, and 60 is the
corresponding Bragg’s diffraction angle. The crystallite size is observed
to decrease from 33.11 to 18.86 nm with increasing substrate
temperature from 100 to 300 °C, as can be seen from Table 6.3. The
increase in substrate temperature results in the breaking of CdZnO bonds
and consequent re-sputtering of the deposited film rather than enabling
the atoms to move to their stable lattice sites, producing defects in the
film, and thus leading to degradation in the crystalline property. CdZnO
grown at 300 °C has a very poor crystal quality, in comparison to other
films, with the lowest (002) peak intensity with a very high value of
FWHM (0.51°) and the corresponding crystallite size of 18.86 nm.
Hence, from the above investigation it is observed with increasing
temperature, the peak intensity as well as crystallite size reduces,
therefore no further increase in temperature above 300°C is performed
for film deposition. However, substrate temperature is neither decreased
below 100 °C, so as not degrade the adhesion of the thin film with

substrate.
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(c) 300 °C

Figure 6.3  FESEM images of surfaces of CdZnO thin films at

various substrate temperatures.

Figure 6.3 show FESEM micrographs of CdZnO thin films deposited at
various substrate temperature. As substrate temperature increases, there
IS a noticeable decrement in the morphology and dimension of grains.
The grains at 100 °C are found to be distinct, uniform and larger as
compared to that of other higher substrate temperature. At 300 °C, grains
are not distinctly visible at specified 200 nm scale of FESEM. A larger
value of grain size may be advantageous depending on the electronic
structure of the grain boundaries. The large grain size maximizes the
minority carrier diffusion length in thin film. Therefore, 100 °C substrate
temperature can be considered to be the optimum temperature to deposit
uniform CdzZnO crystal with the large grains.

6.3.2 Spectroscopy ellipsometry analysis

SE is a non-destructive technique used to obtain optical parameters of
the materials [17]. The experimentally obtained SE data in terms of two
standard ellipsometric angles psi () and delta (4), has been theoretically
fitted with a three-layer optical model involving a top surface roughness
layer, a CdZnO (or ZnO) layer, and a Si substrate using the complete
ease software provided by J.A. Woolam Co. Inc. [18-19]. In the three-
layer model, General Oscillator (GenOsc) model comprising of
Gaussian oscillator is utilized to acquire theoretical spectra by fitting
GenOsc parameters. The acquired theoretical spectra and experimental
data are in acceptable concurrence, with low value of mean square error
(MSE) of 8.91 and 8.98 for ZnO and CdZnO layers, respectively. The
variation of (ahv)? vs. hv for CdZnO and ZnO obtained from the
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theoretical spectra is shown in Figure 6.4. As can be seen from Figure
6.4, the energy bandgap values of CdZnO and ZnO thin films are 3.19
(x 0.03) and 3.37 (£ 0.03) eV, respectively, as obtained by the linear
extrapolation method. The thickness of the individual film deposited is
also available from the theoretical spectra, from which the film’s
deposition rate is obtained and further used to deposit the film of

required thickness.

4

(a) CdZnO

(U]

Eg=3.19 eV

[—

]
llllllllllllllllllll

(cthv)*<10' l(_eV-cm'l)2

o

[e—

(9]
llllllllllll'lll'lll

9

[a—

(athv)’<10" (eV-cm™)

[u—

2 3
hv (eV)

Figure 6.4  Tauc plot of (a) CdZnO and (b) ZnO thin films.
6.3.3 SIMS Analysis
The depth profile of the MQWSs structure is probed by SIMS

measurement with the primary ion beam of O," and the obtained depth

profiles of constituent elements such as Cd and Zn in the well and barrier
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materials are shown in Figure 6.5 (a)-(i). The two stable isotopes of Cd
present in the analysis are Cd 111 and Cd 106. As can be seen from
Figure 6.5, oxygen (O) is absent because O>" is used as the primary ion

beam source.

The result of SIMS analysis of sample 1 (B4T3L15C2) is shown in
Figure 6.5 (a). It is clear that Cd diffuses into all the layers and thus
quantum wells are not formed. The reason of the diffusion is probably

the high ion beam power deployed during film deposition.

Thereafter, the deposition of samples 2-9 is performed as per the B1
condition mentioned in Step 1 and improved results are obtained in
terms of diffusion although the deposition rate is drastically reduced, by
3 times (from 1 to 0.33 nm/min), compared to deposition at B4 condition
because of the kinetic energy reduction. Now, the analysis is performed
concerning the deposition of thin films at different substrate
temperatures (Step 2). From Figure 6.5 (b)-(d), it is clear that the
deposition performed at T1 (i.e. sample B1T1L15C2) provides the best
results in terms of the quantum well and barrier layer formation, as
compared to T2 and T3 counterparts. The substrate temperature increase
leads to the increase in Cd diffusion in all the layers and similar behavior
has also been reported by Carlson et al. [20]. As expected, the Zn is
found to be uniform throughout the deposited MQW structure because

Zn is present in both well and barrier layers at high content.
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Figure 6.5  SIMS profile of CdZnO/ZnO-based MWQs deposited at
(a) B4 and T3 condition; (b)-(d) B1 condition and at different substrate
temperature T3, T2 and T1 respectively; (e)-(h) B1, T1 and C30
condition, but variable barrier thickness L15, L20, L25 and L30
respectively; and (i) same condition as that of (f) but at different time

cessation, C45.

Subsequently, the substrate temperature of all the samples is fixed at T1
with a constant well thickness of 10 nm, however, the barrier layers
thickness is varied as specified in the Step 3 and displayed in Figure 6.5
(e)-(h). Also, the time cessation between the deposition of successive

layers in the samples 5-8 is 30 min compared to 2 min used in the
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samples 1-4, as represented in Figure 6.5 (a)-(d). The well and barrier
formation are quite good as the peaks of Cd in the well region and its
absence in the barrier region are clearly visible, and it is due the time
cessation increase from C2 to C30. However, no noticeable impact is
observed as the time cessation is increased from C30 to C45. The related
SIMS profile of sample 9 (B1T1L20C45) is shown in Figure 6.5 (i),

indicating that C30 is an optimal cessation time.
6.3.4 Cross-sectional HRTEM analysis

In the HRTEM image of sample 7 (B1T1L25C30), as shown in Figure
6.6 (a), it is observed that MQW periodicity and the layer interfaces are
not distinct and appear like a single layer. This might be due to the small
lattice mismatch of ~2% (as estimated from the data given in Ref. [21])
between the well and barrier layers. However, a much faded interface is
visible separating the buffer layer from the MQW structure, as shown
by the magnified version of the HRTEM image in the same Figure. The
total thickness of sample 7, as calculated from TEM image is 252 nm,
which is approximately the same as expected from the deposited rate.
To confirm the formation of QWs, the SIMS analysis is also performed
on this sample, as shown in the Figure 6.6 (b). It clearly indicates the
periodic appearance of Cd humps, indicating the formation of CdzZnO
well layer. From a much higher resolution image of sample 6
(B1T1L20C30), as shown in Figure 6.6 (c), the interface between the
well and barrier layers can be visualized, indicating the formation of

well and barrier regions.
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Figure 6.6  (a) Cross-sectional HRTEM of sample 7, (b) SIMS
coupled with TEM image of sample 7, and (c) Cross-sectional HRTEM

of sample 6.

This small lattice mismatch will be beneficial in realizing the SC using
this material system, as it leads to reduction in the charge carrier
recombination at the interface [22]. The HRTEM analysis is also
performed for other samples and to avoid the redundancy, the data are

not shown here.
6.3.5 EDX analysis

Furthermore, EDX analysis is performed on the cross sectional portion
of the sample 6 as shown in Figure 6.7 to confirm the constituents
element in the deposited MQWs structure by DIBS system. But from the
figure we can see that, Cd is not clearly detected due to the sensitivity
limitation of the instrument, while other elements are clearly detected in
the EDX profile.
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Figure 6.7 EDX of sample 8 with the inset showing its cross-
sectional HR-TEM of which EDX is performed.

6.3.6 1-VV measurement

After the successful fabrication of the CdzZnO/ZnO-based MQWs
structure, the CdZnO/ZnO-based MQWSC is fabricated using the
optimized process. A schematic representation of the fabricated
MQWSC is depicted in Figure 6.8. The fabricated structure consists of
100 nm of GZO acting as n-type material, 5 pairs of MQWs with CdZnO
as well layer and ZnO as barrier layer having thicknesses of 10 and 15
nm, respectively. This whole structure is deposited on p-type silicon
substrate acting as p-type layer for the MQWSC. The reason behind the
choosing p-type silicon is that till now, we have not obtained reliable
homo-junction of ZnO material system having Sb: ZnO as p-type
material and Ga: ZnO as n-type material. Although, we have obtained

reliable p-type ZnO in our lab.

Figure 6.8  Schematic of CdZnO/ZnO-based MQWSC deposited on
p-type silicon substrate.
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Now, I-V characterization of the above fabricated structure is performed
using the solar cell tester system at the standard test condition. The
illuminated I-V characteristic of both in linear as logarithm axis is shown
in Figure 6.9. From the figure it can be seen that the rectification ratio at
+ 500 mV is ~18. And the performance parameters of the MQWSC

obtained are shown in Table 6.4.
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Figure 6.9  Illluminated I-V characteristics of the CdZnO/ZnO-based
MQWSC deposited on the p-type silicon substrate.

Table 6.4: Performance parameters of CdZnO/ZnO-based MQWSC

Parameters Voc Isc Vm Im Pm
Mmv) | @A) | (mV) | @A) | (W)
Values 69 8 38 5 190

From the table as well as from the figure it can be concluded that, the
device performance is very poor as the values of the performance
parameters is very low. The reason behind the low open-circuit voltage
is p-type silicon (having low energy bandgap of 1.1 eV) used as the p-
type layer in MQWSC. And also the high lattice mismatching of silicon
and ZnO materials leads to higher recombination of the charge carrier
before collection at the contacts, therefore the device produces very less
short-circuit current. So, the material having low lattice mismatch with

the ZnO material and having p-type conductivity is to be used for the
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MQWSC fabrication. Secondly, the high composition of Cd in CdZnO
can be used, so that the energy bandgap of the material reduces and
therefore leading to the absorption of additional low energy photons and

hence increasing the short-circuit current.

6.4. Conclusion

The CdZnO/Zn0O-based MQWs structure are fabricated successfully for
the first time by DIBS using the 4-inch-diameter CdZnO and ZnO
targets at different deposition conditions. The films deposited at 100 °C
substrate temperature and 14 W beam power show the best performance
with respect to other deposition conditions, as confirmed by SIMS
analysis. The HRTEM analysis shows that well and barrier layers are
not separately visible, although SIMS results indicate the separate layers
formation. This might be due to the very small lattice mismatch between
the successive layers deposited. Therefore, it will benefit in a better
performance of solar cell, as carrier recombination at the interfaces of
the MQWs structure will be less.

For the complete structure fabrication of CdZn0O/ZnO-based MQWSC,
the p-type conductivity material having compatibility with the ZnO
material i.e. having low lattice mismatch is to be used, so that charge

carrier recombination can be minimised.
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Chapter 7

Conclusion and Future Scope

The prime objective of this research work is to analyse the MQWSC by
developing the analytical models and numerical simulation in silvaco
atlas, and finally fabricating the MQWs for photovoltaic application. In
the developed analytical models, significant improvements are made
upon the pre-existing models reported in the literature for predicting
device performance matrix for MQWSC. The American Society for
Testing and Materials (ASTM) standards data sheets are utilized for
attaining photon flux density instead of Plank’s blackbody radiation law.
The numerical simulation has also been performed using the silvaco
atlas simulation tool just to verify the results obtained from the
analytical model. Further, the photon flux density is utilized to evaluate

the performance parameters of MQWSC and bulk p-i-n solar cell.

For the first time, MQWs of CdZnO/ZnO-based material system are
realized by dual ion beam sputtering (DIBS) system, by performing
optimization at different deposition conditions in terms of ion beam
power, substrate temperature, and time cessation between deposition of
successive layers. The effects of DIBS deposition conditions are
analysed by secondary ion mass spectroscopy (SIMS) and high-
resolution transmission electron microscopy (HRTEM) and discussed

systematically.
7.1  Conclusions

The main outcomes of this thesis are summarized as follows:

1) A physics based generic analytical model for both the p-i-n and
MQW structures is developed for the calculation of device
performance parameters and obtaining J-V characteristics of the
solar cell. The results show that the inclusion of QWs in the
depletion region of the p-i-n solar cell leads to the enhancement

of ~27% in the conversion efficiency for the same composition
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2)

(x =0.1) in InxGa1-xN. For MQWSC, the conversion efficiency
increases by ~30 and ~27% if the indium composition in InyGai-
xN increases from x = 0.1 to 0.2 and further to x = 0.3. The
temperature-dependent study of the device performance
parameters has shown that, with the increase in temperature,
conversion efficiency decreases for both the solar cell.
Approximately, 11.6 and 9.7% decrements in the conversion
efficiency of the p-i-n and MQWSC, respectively, are obtained
as the temperature increases from 200 to 400 K. The MQWSC
has demonstrated more favorable temperature dependence of the
efficiency compared to p-i-n solar cell. The study of the effect of
number of quantum wells on the solar cell have shown that the
increase in the number of QWs from 10-20 leads to the
increment in conversion efficiency from 4.28 to 4.89%. The
analytical model described, and the corresponding results
analyzed here can be used as the suitable model for estimating
the performance parameters of MQWSC and p-i-n solar cells

consisting of various material system.

An analytical and simulation study has been presented for the
CdZn0O/Zn0O-based MQWSC with CdZnO/ZnO as the intrinsic
layer, SZO as p-type layer and GZO as n-type layer of the p-i-n
solar cell. The study of the device performance parameters with
temperature shown a negative temperature coefficient of Vo, and
positive temperature coefficient of both Jsc and 7 i.e. -2.63%10-3
mV/°C, 2.43x10-3 mA/cm2.°"C and 2.91x10-3 %/°C,
respectively. Approximately, 14% increment in the conversion
efficiency of MQWSC is observed as the temperature increases
from 220 to 380 K. This work suggests, that CdZnO/ZnO-based
MQWSCs can be efficiently utilized in concentrator
photovoltaic  applications, where positive temperature
coefficient of n is crucial. An increase in the number of QWs
from 3 to 19 leads to the decrement in the performance

parameters of MQWSC. This study significantly explores the
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3)

4)

7.2

possibility of efficient absorption of high energy photons and
probability of positive temperature coefficient of # utilizing a
low-cost ZnO-based MQWSC.

As the solar cells are operated under non-STC conditions,
therefore in this study impact of change in solar irradiance on the
performance parameters of CdZnO/ZnO-based MQWSC is also
performed. Approximately, 6% increase is observed in the n of
MQWSC, as | increases from 10 to 5000 mW/cm?. This study
considerably explores the likelihood of efficient absorption of
short wavelength photons and improving » of MQWSC by using

concentrator.

The CdznO/ZnO-based MQWSs structure are fabricated
successfully for the first time by DIBS using the 4-inch-diameter
CdZnO and ZnO targets at different deposition conditions. The
films deposited at 100 °C substrate temperature and 14 W beam
power show the best performance with respect to other
deposition conditions, as confirmed by SIMS analysis. The
HRTEM analysis shows that well and barrier layers are not
separately visible, although SIMS results indicate the separate
layers formation. This might be due to the very small lattice
mismatch between the successive layers deposited. Therefore, it
will benefit in a better performance of SC, as carrier
recombination at the interfaces will be less.

Future Scope

The following are the summary of future work:

1)

2)

3)

Fabrication of the complete CdZnO/ZnO-based MQWSC by
DIBS system, as this system can be utilized for large area

application.

Thereafter, performing the optimization based on the number of
quantum wells, well and barrier layer thickness, so that

maximum conversion efficiency can be achieved.

The optimization based on higher composition of Cd in CdZnO
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4)

5)
6)

can be performed, as the energy bandgap of the material reduces
with higher Cd and therefore leads to the absorption of additional
low energy photons and hence increasing the short-circuit

current.

Fabrication of the strain balance MQWSC by utilizing MgZnO
in place of ZnO, as MgZnO produces tensile strain compared to

the compressive strain produced by CdzZnO.
Fabrication of MQWSC on flexible substrate.

As, MQWSC can be used in MJSC for current matching of sub-
cells. So, this has to be first optimized using analytical modelling

and then can be fabricated.
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